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 P22, CUS-3 and Sf6 are distantly related bacteriophages that belong to the 
P22-like group based on capsid protein sequence similarity. Despite being 
distantly related they share important similarities. They form T=7 icosahedral 
capsids to protect their dsDNA, have capsid proteins that adopt the HK97 fold with 
an inserted domain, share similar arrangement of their structural genes in their 
genomes, and infect human enteric pathogens. P22, CUS-3 and Sf6 infect 
Salmonella enterica, Escherichia coli, and Shigella flexneri, respectively. Here, we 
explored structural differences between the inserted domains (I-domains), 
differences in CUS-3 and Sf6 bacteriophage procapsid-like particle assembly and 
stability, and the effects of Sf6 scaffolding protein truncations on assembly.  
 The P22, CUS-3 and Sf6 I-domains adopt a six-stranded anti-parallel -
barrel with important differences. Differences are found between loop regions, 
electrostatic surfaces that are found at the interface between the I-domain and the 
protein core, and surface TUT (threonine-hydrophobic-threonine) motifs possibly 
important for carbohydrate interactions. Thus, the insertion domains may have 
evolved to fit different functional needs in capsid stability, assembly, and coat 
protein folding.  
 Like P22, CUS-3 and Sf6 coat and scaffolding proteins are shown here to 
assemble into procapsid-like particles in the absence of all other structural  
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proteins. CUS-3 and Sf6 procapsid-like particles were found to be less stable 
compared with P22. This provides evidence that these assembly systems are 
governed by differences in their electrostatic and hydrophobic interactions. 
 For P22 bacteriophage, scaffolding protein nucleates and directs capsid 
assembly. In P22 assembly, the C-terminal is necessary to form procapsids. Sf6 
truncated scaffolding protein containing residues 1-155 formed mostly T=7 
procapsid-like particles similar to those particles formed by full-length scaffolding 
protein. Unlike P22, the C-terminal of scaffolding protein is not necessary for 
assembly. 
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Chapter 1: Introduction 
Bacteriophages and viruses are the most abundant infectious entities on the planet 
(Comeau et al. 2008). The large and diverse presence of bacteriophage is understood to 
have far reaching effects as environmental regulators from the human gut to 
biogeochemical cycles in the earth’s oceans (Bergh et al. 1989; Srinivasiah et al. 2008; 
Suttle 2007; Hu et al. 2018; Shkoporov and Hill 2019; Rodriguez-Brito et al. 2010). With 
the rise of antibiotic resistant bacteria, phage therapy has been an alternate treatment 
approach to chronic and life-threatening bacterial infections (Chan et al. 2018; Furfaro, 
Payne, and Chang 2018). Bacteriophages impact bacterial cell populations but are also 
capable of increasing their host cells pathogenicity by altering their host cell surfaces 
(Verma et al. 1991). Thus bacteriophages have far-reaching environmental effects. 
Bacteriophages have also been instrumental in scientific advances (Asija and 
Teschke 2018). T2 bacteriophage was pivotal in the discovery of deoxyribonucleic acid 
as inheritable genetic material (Hershey and Chase 1952). T4 bacteriophage was used 
to show that amino acids are encoded by degenerate codons (Crick et al. 1961). A 
revolutionary use of the CRISPR-Cas  system made it possible to correct mutations in 
any cellular genome and study the effects (Cong et al. 2013). Thus, bacteriophages have  
been and continue to be important in scientific advances.  
a. The HK97 viral lineage  
 Diversity of viral genomes presents challenges for classifying viruses based on 
their genomic material. Thus, one approach to simplify this difficulty is to classify the 
virome based on viral coat protein structures (Abrescia et al. 2012; Bamford, Grimes, and 
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Stuart 2005). The coat protein of viruses forms a protective shell that encapsulates and 
protects the viral nucleic acid. Viruses can be classified into four lineages based on coat 
protein structure PRD1-like, Picorna virus-like, HK97-like, and BTV-like (Fig. 1-1). The 
HK97 viral lineage encompasses four families Herpesviridae, Myoviridae, Podoviridae, 
and Siphoviridae . Herpesviridae infect humans and animals, Myoviridae infect bacteria 
and archaea, Podoviridae infect bacteria, and Siphovirdae infect bacteria and archaea 
(McGeoch, Rixon, and Davison 2006; Sulakvelidze, Alavidze, and Morris 2001). Viral 
classification based on coat protein structures allow us to make connections between 
viruses that infect different domains of life. The HK97-like viruses infect all domains of life 
and are thought to have a common ancestor. 
 The HK97 fold was first found in the Hong Kong 97 bacteriophage (Helgstrand et 
al. 2003; Wikoff et al. 2000). The HK97-fold consists of an A-domain (colored cyan in Fig. 
1-1B and 1-4A), P-domain (colored green in Fig. 1-1B and 1-4A), E-loop (colored yellow 
in Fig. 1-1B and 1-4A) and an N-arm (colored red in Fig. 1-1B and 1-4A). Throughout this 
work this fold is referred to as the HK97 core. These key features of the fold are conserved 
among many bacteriophage and viruses that adopt this fold (Fig. 1-4).  
 Viruses with the HK97 fold form icosahedral capsids that encapsulate dsDNA and 
vary in size (Figure 1-2) (Duda and Teschke 2019; Suhanovsky and Teschke 2015). 
Watson and Crick first proposed that viruses form two types of structures with either cubic 
or helical symmetry from identical subunits in equivalent positions (Crick and Watson 
1956). The possible forms of viruses proposed with cubic symmetry were tectahedron, 
octoahedron, and icosahedron and formed from 12, 24, and 60 subunits, respectively. 
Shortly after this was proposed, tomato bushy stunt virus was the first icosahedral virus 
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reported with icosahedral symmetry (Caspar 1956). An icosahedron has cubic symmetry 
and is made up of 20 faces with 12 vertices. Watson and Crick’s proposal of equivalently 
arranged subunits could only apply in the simplest icosahedral form that would consist of 
60 subunits. Each triangular face would consist of three subunits. The advancements at 
the time in electron microscopy led to images of viruses that must be made up of greater 
than 60 subunits which contradicted the theory that identical subunits that form viral 
structures arrange in an equivalent manner. Caspar and Klug first explained that larger 
icosahedrons made up of more than sixty subunits are possible by assembling in a quasi-
equivalent fashion and could be explained by the triangulation number (Caspar and Klug 
1962a). Icosahedral triangulation number is defined as T = H2 + HK+ K2 . Where H and K 
are positive integers that represent the distance, along the  H and K direction, between 
two pentamers in icosahedrons with T>1. The origin for H,K is 0,0. The pentamers are 
located at the vertices of the icosahedron. In an icosahedron made of pentamers and 
hexamers one step in the H or K direction would be from the center of origin at one 
pentamer to an adjacent hexamer. The complexity and size of a virus is defined by the 
triangulation number. The simplest icosahedron is T=1 and is made up of 60 subunits 
where each of the twenty faces is made of three subunits. Smaller icosahedrons include 
phi29 with T=3, T4 phage with T=4. P22, HK97, and Syn5 icosahedrons are T=7. The 
larger triangulation numbers, T=16 include the herpesviruses HSV-1, HSV-2, MCMV, and 
KSHV. Triangulation numbers as large as 52 have been found in the jumbo bacteriophage 
G (Hua et al. 2017). Thus, the quasi-equivalent packing of a larger number of subunits 
leads to a vast array of triangulation numbers.  
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Figure 1-1. A. The virome classified into lineages based on capsid protein structure. The 
lineages as shown are PRD1 like, Picorna like, HK97 like, and BTV like (Abrescia et al. 
2012). B. Hk97 fold from the HK97 bacteriophage (Helgstrand et al. 2003; Wikoff et al. 
2000). 
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Figure 1-2. Protein folds with the HK97 fold form particles with vastly different 
triangulation numbers. Encapsulins form T=1 icosahedrons, P22 forms T=7 capsids, and 
phage G forms T = 52 capsids (Duda and Teschke 2019). 
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b. HK97-like bacteriophage gene arrangement 
 The genes of P22 bacteriophage and many other related bacteriophages that 
encode for viral structural proteins, including the coat protein discussed above, are 
concatenated together in the viral genome (Figure 1-3A) (Casjens and Thuman-Commike 
2011). The genes of the structural proteins encode the terminase (gene products (gp) 3 
and 2), portal (gp 1), scaffold (gp 8), coat (gp 5), four proteins that form the tail machinery 
(gps 4, 9, 10, and 26), and three ejection proteins (gp 7, 20, and 16). The terminase 
proteins are important for DNA packaging. The genome is packaged through the portal 
complex. Scaffolding protein directs assembly of  the coat protein that forms a protective 
shell that encapsulates the viral genome.  The ejection proteins are important for release 
of the genome into the host cell. Thus, these structural genes, necessary to form  
infectious particles, are located in close proximity within the genome. The genes of these 
structural proteins are under the control of the same late operon.  
c. P22 bacteriophage general assembly  
 P22 bacteriophage is used as a model system to understand how viruses within 
the HK97 lineage assemble, including more complex viruses such as herpesviruses 
(Figure 1-3B). Scaffolding and portal proteins form a nucleation complex that initiates the 
assembly of the coat protein into a protein shell known as the procapsid intermediate 
(Motwani and Teschke 2019; Motwani et al. 2017). During assembly of the procapsid 
intermediate, 60-300 scaffolding proteins direct assembly of the coat protein and ejection 
proteins into a T=7 icosahedral structure (King et al. 1976; Prevelige and King 1993). The 
scaffolding protein then exits the intermediary procapsid for further rounds of assembly 
while DNA enters through the portal complex and condenses in the interior of the protein 
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shell (Bazinet and King 1985; Bazinet 1988). During genome packaging, the coat proteins 
change conformation and the spherical procapsid transforms, in a process known as 
maturation, into a fixed, multi-sided icosahedral structure (Earnshaw, Casjens, and 
Harrison 1976; Earnshaw and Casjens 1980; Prasad et al. 1993; Galisteo and King 1993). 
Addition of the tail machinery proteins to the portal complex completes assembly into an 
infectious virion.  
 Capsid proteins with the HK97 fold have 10-15% or lower sequence identity 
(Suhanovsky and Teschke 2015; Casjens and Thuman-Commike 2011). The low 
sequence identity between coat proteins with the HK97 fold suggests that capsid proteins 
in different viruses are pieced together in different patterns of amino acid interactions 
during assembly. Amino acid point mutations in the capsid protein lead to alterations in 
assembly products, stability, DNA packaging, and thus infectivity. A single amino acid 
mutation in the capsid protein A285, located in the I-domain, is enough to assemble petite 
particle with T=4 rather than T=7 (Figure 1-3C) (Suhanovsky and Teschke 2011). An 
increase in amino acid size coincided with the generation of more petite particles. 
Mutations, F170A and F170L, in the capsid A-domain produced polyheads (tube-like 
structures) (Suhanovsky et al. 2010; Parent, Suhanovsky, and Teschke 2007). The single 
amino acid mutations that lead to an altered assembly product suggests that the pattern 
evolved for assembly of a specific virus is highly specific to that virus. 
d. P22 bacteriophage scaffolding protein 
 As described above, P22 scaffolding protein is an important part of the P22 
bacteriophage assembly process. Without the scaffolding protein, viral assembly results 
in some T=7 procapsid particles, but mostly petite particles T=4, and aberrant structures 
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(Figure 1-3C) (Lenk et al. 1975; Earnshaw and King 1978; Thuman-Commike et al. 1998). 
The scaffolding protein switches the coat protein from an assembly incompetent form to 
an assembly competent form (Fuller and King 1980). Assembly proceeds through 
copolymerization of the capsid and scaffolding protein together to form the procapsid-
intermediate (Prevelige, Thomas, and King 1988; Prevelige, Thomas, and King 1993). 
The presence of the coat and scaffolding protein alone are able to assemble in vitro into 
procapsid-like structures in the absence of any other viral structural protein (Fuller and 
King 1982). 
 Scaffolding protein interacts with other scaffolding proteins and coat protein. 
Scaffolding proteins form higher oligomeric structures such as dimers, and tetramers 
(Parker, Stafford, and Prevelige 1997). The scaffolding protein dimer is the active state 
that drives assembly of the capsid protein. The N-terminal region of the scaffolding protein 
is important for tetramerization and thus scaffolding:scaffolding protein interaction while 
the C-terminal region is important for scaffolding:coat protein interactions (Tuma et al. 
1998; Weigele et al. 2005). The coat protein binding domain of the scaffolding protein, 
residues 283-303, adopts a helix-turn-helix motif (Sun et al. 2000). Within the scaffolding 
protein helix-turn helix motif two residues, R293 and K296, are important for coat protein 
binding (Cortines et al. 2011). 
 P22’s scaffolding protein functions are not limited to assembly. P22 autoregulates 
scaffolding protein translation (Wyckoff and Casjens 1985; Wyckoff 1984; Casjens and 
Adams 1985; Casjens et al. 1985). During procapsid assembly the rate of structural 
protein synthesis is regulated based on the concentration of free scaffolding protein not 
involved in the assembly process(Wyckoff and Casjens 1985; Wyckoff 1984). Scaffolding 
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protein is crucial to incorporation of the portal complex (Motwani et al. 2017). and the 
portal and scaffolding protein as a nucleating complex of assembly suggests that the rates 
of each Scaffolding protein is crucial in a number of steps in the assembly process 
including scaffolding:scaffolding, scaffolding:coat, scaffolding:portal interaction, and 
mRNA regulation. 
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Figure 1-3. A. The structural gene arrangement for dsDNA bacteriophage (Casjens and 
Thuman-Commike 2011). B.  Assembly pathway of P22 bacteriophage shows the 
structural proteins involved in capsid assembly (Suhanovsky and Teschke 2015). C. 
Aberrant assembly products formed in left arrow: the absence of scaffolding protein, 
middle arrow: substitutions at position F170 in the capsid protein, right arrow: 
substitutions at position A285 in the capsid protein(Suhanovsky and Teschke 2015). 
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e. Insertion domains in capsid proteins with the HK97-fold 
The HK97-fold of some bacteriophage have evolved to include additional domains 
(Figure 1-4A). Syn5 has a small embellishment to the HK97 core, which consists of a 
single loop that crosses over the top of spine helix (Figure 1-4B) (Gipson et al. 2014). In 
the cryo-EM reconstructions, the additional loop of the Syn5 phage capsid protein binds 
to additional proteins that protrude from the capsid surface. The extended loop found in 
the HK97 bacteriophage is replaced in the T4 bacteriophage by an inserted domain at the 
tip of two linker regions (Figure 1-4C) (Fokine et al. 2005). In cryo-EM reconstructions of 
T4, the inserted domain interacts with a neighboring subunits A- and P-domains through 
a hydrophobic patch surrounded by charged residues. This interaction is thought to 
stabilize the capsid. P22 bacteriophage has an inserted domain (I-domain) located at the 
apex of the A- and P-domain, which adopts a 6-stranded anti-parallel -barrel (Figure 1-
4D)  (Rizzo et al. 2014; Hryc et al. 2017). The P22 capsid protein’s I-domain is important 
for protein folding, and capsid stability, assembly and size (Suhanovsky and Teschke 
2015; Teschke and Parent 2010; Suhanovsky and Teschke 2013; Rizzo et al. 2014; 
D'Lima and Teschke 2015). The Sf6 bacteriophage’s capsid protein’s I-domain adopts an 
anti-parallel -barrel similar to P22 (Figure 1-4E)  (Zhao et al. 2017). Phi29 bacteriophage 
has a BIG2 domain comprised of two three-stranded -sheets that form a -sandwich 
(Figure 1-4F) (Morais et al. 2005) The BIG2 domain, like the other insertion domains, 
protrudes from the capsid surface. The capsid subunit solved by x-ray crystallography 
and docked into cryo-EM reconstruction of the phi29 capsid suggests that the BIG2 
domain may bind to fibers on the capsid surface and may make inter-capsomer 
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interactions that stabilize the capsid. Thus bacteriophages with the HK97-fold have 
evolved extra domains to fulfill multiple functions. 
Bacteriophages are not alone in the embellishment of the HK97-fold. 
Herpesviruses have extensive domains inserted in the HK97 core. Herpesviruses have a 
large I-domain that is suggested to make intra-capsomer contacts for capsid stability and 
may act as the folding nucleus of the major capsid protein (Bowman et al. 2003). In the 
hexon capsomer of HSV-2, the large insertion domain interacts with another structural 
protein VP26 (Yuan et al. 2018). Two variants of an additional structural protein, VP23, 
along with VP19C form a triplex that interacts both with the HK97-fold and the upper 
domain. Disulfide bonds and non-covalent interactions between the triplex and the 
insertion domain stabilize the capsid. Much like HSV-2, other herpesviruses like murine 
cytomegalovirus (MCMV), karposi’s sarcoma-associated virus (KSHV) and herpes 
simplex virus 1 (HSV-1) have large insertion domains that interact with a small capsid 
protein and a protein triplex to stabilize the capsid (Dai and Zhou 2018; Hui et al. 2013). 
Thus herpesviruses capsid assembly and stability are more complex when compared with 
other viruses such as the P22 bacteriophage. 
 The HK97-fold as shown for Hong Kong 97 virus is sufficient to form an infectious 
virus. However the HK97-fold of many bacteriophages and viruses, as shown above, 
have evolved additional domains. Thus the differences shown between the HK97-folds 
likely result in differences in how these bacteriophage and viruses assemble, stabilize 
their capsid structures and interact with other structural proteins and nucleic acid. 
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Figure 1-4. Coat proteins that adopt the HK97 fold. Coat proteins with insertions 
in the HK97 fold are shown to highlight the diversity of additional domains found in the 
HK97 fold. The proteins are colored as follows: A-domain is cyan, P-domain is green, E-
loop is yellow, N-arm is red, and insertion domains are blue. Proteins are from: A. HK97 
(pdb code: 3e8k) B. Syn5 (pdb code: 4bml) C. T4 (pdb code: 1yue) D. P22 (pdb code: 
5uu55) E. Sf6 (pdb code: 5l35) F. Phi29 (pdb code: 1yxn G. MCMV (pdb code: 6nhj) H. 
KSHV (pdb code: 6b43) I. HSV-2 (pdb code: 5zap). 
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Purpose of this study 
Within the HK97-lineage are a group of bacteriophages, the P22-like 
bacteriophages (Casjens and Grose 2016; Casjens and Thuman-Commike 2011). The 
P22-like bacteriophages, at the time this study began, encompassed at least 150 
bacteriophages and with advancements in genomic sequencing this number continues to 
grow (Simmonds et al. 2017). The P22-like group is categorized into three groups based 
on coat protein sequence similarity, P22-, CUS-3- and Sf6-like bacteriophage. The 
sequence identity between these groups is as low as 14-28%. The dsDNA 
bacteriophages representative of the three groups P22, CUS-3 and Sf6 infect closely 
related enteric bacteria Salmonella enterica, Escherichia coli, and Shigella flexneri, 
respectively. Despite the low sequence identity between these coat protein sequences, 
each of these bacteriophage form T=7 icosahedral capsid structures, have coat protein’s 
that adopt the HK97-fold, have insertion domains in their HK97-fold, and have the same 
arrangement of structural genes in their genomes. 
The study presented here focuses on understanding differences between distantly 
related viruses that have similar structural gene arrangements, capsid proteins, and 
triangulation numbers. The goal of this study was to explore how differences in capsid 
and scaffolding protein sequences in distantly related P22-like bacteriophages translate 
to differences and similarities in structure, and how viruses evolve different strategies for 
assembly and stability of their capsid particles.  The main focus is on the insertion domain 
(I-domain) in the HK97 core that protrudes from the capsid surface. For P22, the I-domain 
is important for assembly, stability, size determination, and capsid protein folding and is 
discussed further in Chapter 3. In addition, we explore in vivo and in vitro assembly 
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systems. And finally, we look at functional domains of the Sf6 scaffolding protein. The 
overall goal is to gain insight into the evolution of these viruses and the impact on viral 
assembly and stability. 
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Chapter 2: Materials and Methods 
 
CUS-3 I-domain NMR assignments 
Protein expression and purification 
 The gene encoding the CUS-3 I-domain, comprising amino acids 223-337 of the 
full-length protein, was cloned into a pET21a plasmid that included a C-terminal His6-tag 
for purification purposes (Novagen, Madison, WI). The construct was confirmed through 
DNA sequencing by Genewiz (South Plainfield, New Jersey). The recombinant vector 
was transformed into BL21 Escherichia coli cells for expression. Cells were grown at 37 
°C in M9 medium supplemented with 3 g/L of 13C-D-glucose and/or 1 g/L of 15NH4Cl. 
Expression was induced for 16 hours at 30 °C by adding IPTG to a final concentration of 
1 mM. Cells were harvested at 3300 x g by centrifugation in a Sorvall SH-3000 swinging 
bucket rotor. The cell pellet was re-suspended in 20 mM sodium phosphate buffer, pH 
7.6, with the following additions: 1:100 dilution of protease inhibitor cocktail (Sigma 
catalog number P8849), 0.1 % Triton, 200 µg/mL lysozyme, 5.8 mM MgSO4, 0.58 mM 
CaCl2, 115 µg/mL deoxyribonuclease and ribonuclease. Cells were lysed with a Misonix 
sonicator set to an amplitude of 37, a total process time of 3 minutes, and a pulse time of 
15 seconds with 30 sec between pulses. Cell debris was removed by centrifugation at 
38,621 x g in a Thermo Scientific F18 12x50 rotor. Membranes were removed by 
ultracentrifugation at 162,635 x g in a Sorvall T-865 rotor. The supernatant was loaded 
onto a TALON metal affinity column (Clontech Laboratories, Mountain View, CA) that was 
charged with 50 mM CoCl2 for purification. Fractions containing the I-domain, based on 
15 % SDS-PAGE gels, were pooled and the protein was precipitated with 60% ammonium 
sulfate. The precipitated protein was harvested by centrifugation at 38,621 x g in a F18 
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12X50 rotor. The protein pellet was resuspended in 20 mM sodium phosphate buffer, pH 
6.0, and dialyzed 3 times against 2 L of the same buffer. For NMR samples, the protein 
was concentrated using a 3,000 molecular weight cutoff Amicon Ultra filter unit (Millipore, 
Billerica, MA) to a final concentration of 1.9 mM. 
 The CUS-3 I-domain construct contains the extraneous amino acids MAS at the 
N-terminus and LEHHHHHH at the C-terminus due to the cloning vector. With the 
exception of AS at the N-terminus and L at the C-terminus, the additional residues were 
not observed in 2D 1H-15N HSQC experiments due to fast solvent exchange, and are 
therefore likely to be disordered. Our numbering scheme, running from residues 223-337, 
references only the amino acids native to the CUS-3 protein. 
NMR spectroscopy 
 NMR experiments were collected on VARIAN 800 and 600 MHz NMR instruments 
at 25 °C using pulse sequences from the Varian Protein-Pack. Samples for NMR 
contained 1.9 mM CUS-3 protein in 20 mM sodium phosphate, buffered to pH 6.0. 
Backbone chemical shift assignments were made using 1H-15N HSQC, HNCACB, 
HN(CO)CA, HN(CA)CO, and HNCO spectra (Cavanagh 2006). Aliphatic side-chain 
assignments were made using 1H-15N HSQC, 15N NOESY-HSQC, 15N TOCSY-HSQC, 
HBHA(CO)NH, HCCH-TOCSY, and CCH-TOCSY experiments  (Cavanagh 2006). 
Aromatic side-chain assignments were from 2D NOESY, DQF-COSY, and TOCSY 
spectra run on a sample in D2O. Amide side-chain assignments were made using 15N-
HSQC and 15N NOESY-HSQC data. Data were processed using the FELIX-NMR 
program (San Diego, CA) and analyzed using CcpNMR (Vranken et al. 2005). 
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Sf6 I-domain NMR assignments 
Expression and purification 
The gene encoding the Sf6 I-domain, corresponding to amino acids 222-345 of the coat 
protein, was cloned into a pET21a plasmid (Novagen, Madison, WI). The presence of 
the cloned sequence was confirmed with DNA sequencing through Genewiz (South 
Plainfield, New Jersey). The vector was transformed into Escherichia coli BL21 (DE3) 
cells for protein expression. To make isotopically enriched samples for NMR, cells were 
grown at 37 °C in minimal medium supplemented with 3 g/L of 13C D-glucose and/or 1 
g/L 15NH4Cl. Samples labeled with 2H, 13C, and 15N were obtained similarly, except that 
cells were grown in 99.8 % D2O at 30 oC, and 3 g/L 2H, 13C D-glucose was used as the 
carbon source. Protein expression was induced with a final concentration of 1 mM IPTG 
at mid-log phase, and cells were grown for a further 16 h at 30 °C. Cells were harvested 
by centrifugation at 3300 g using a Sorvall SH-3000 swinging bucket rotor and 
resuspended in 20 mM sodium phosphate buffer pH 7.6, containing a 1:100 dilution of 
Sigma P8849 protease inhibitor, 0.1 % triton, 200 µg/mL lysozyme, 5.8 mM MgSO4, 
0.58 mM CaCl2, and 115 µg/mL deoxyribonuclease and ribonuclease. Cells were lysed 
using a Misonix sonicator operating at an amplitude of 37, with 15 s pulse and 30 s rest 
times for a total process time of three minutes. Following sonication, cell debris was 
removed by centrifugation for 30 minutes at 38,621 g using a F18-12x50 rotor. The 
supernatant was further centrifuged at 162,635 g for 90 min in a Sorvall T-865 rotor to 
remove cell membranes. The supernatant was then run through a TALON metal affinity 
column (Clontech Laboratories, Mountain view, CA) at a flow rate of 1 mL/min for I-
domain purification via an engineered C-terminal His6-tag.  Fractions containing the Sf6 
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I-domain were visualized using 15% SDS-PAGE gel electrophoresis. The fractions were 
pooled, followed by precipitation of the protein with 0.4 g/mL of ammonium sulfate for 30 
min. The precipitated protein was sedimented by centrifugation at 38,621 g using a F18-
12x50 rotor. The pellet was resuspended in 20 mM sodium phosphate buffer, pH 6.0 
and dialyzed three times against the same buffer, followed by concentration using an  
Amicon Ultra 3 KDa molecular weight cutoff filter (Millipore, Billerica, MA). Final sample 
concentrations were 2.1 mM for 13C/15N-labeled protein and 1.5 mM for 15N labeled 
protein. 
 In addition to the I-domain of the Sf6 coat protein (amino acids 222-345), our 
construct contains the C-terminal 8-residue extension LEHHHHHH, an artifact of the 
affinity tag used for purification.  
NMR Spectroscopy 
Experiments from the Varian Protein Pack were collected on 600 and 800 MHz NMR 
spectrometers operating with cryogenic probes. Backbone assignments were made 
using 3D 1H-15N-HSQC, HNCACB, CBCA(CO)NH, HN(CA)CO, and HNCO experiments 
(Cavanagh 2006). Aliphatic side-chain assignments were made with 3D HCCH-TOCSY, 
CCH-TOCSY, HBHA(CO)NH, and 15N-TOCSY-HSQC experiments (Cavanagh 2006). 
To assign aromatic side-chain protons, we collected additional 2D NOESY, DQF-COSY, 
and TOCSY spectra. Data were processed with the programs FELIX-NMR (San Diego, 
CA) and NMRpipe. The data were analyzed with CcpNMR  (Vranken et al. 2005) using 
the platform NMRbox (http://nmrbox.org/)E. 
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NMR structure determination  
Cloning, expression and purification protocols, along with NMR assignments for 
the three I-domains from P22, CUS-3 and Sf6 were published previously (Tripler et al. 
2015; Tripler, Teschke, and Alexandrescu 2017; Rizzo et al. 2013). NMR data were 
recorded on 600 and 800 MHz Varian Inova NMR spectrometers equipped with cryogenic 
probes. Samples for NMR contained 1.7 mM CUS-3 or 0.9 mM Sf6 I-domains, in 20 mM 
sodium phosphate, pH 6.0, at 25 C. NMR spectra were processed with the programs 
FELIX and NMRPipe, and analyzed with the CcpNMR Analysis suite of programs on the 
NMRbox platform (Maciejewski et al. 2017; Delaglio et al. 1995; Vranken et al. 2005). 
Distance restraints for NMR structures were obtained from 3D 15N- and 13C- HSQC-
NOESY experiments, acquired with NOE mixing times of 150 and 100 ms, respectively. 
Dihedral restraints () were calculated from Cα, Cβ, Hα, Hβ, NH, C’ chemical shifts 
with the program TALOS-N (Shen and Bax 2013).  H-bond donors and acceptors were 
identified using long-range HNCO spectra recorded in TROSY mode on perdeuterated 
2H, 13C, 15N samples of 1.3 mM CUS-3 and 1.5 mM Sf6. NMR structure calculations were 
performed with the programs XPLOR-NIH and ARIA (Rieping et al. 2007; Schwieters et 
al. 2003). The 25 lowest energy NMR structures for each protein were kept for analysis 
(Fig.1). NMR structures for the I-domains have been deposited in the Protein Data Bank 
with accession numbers 6MNT for CUS-3, 6MPO for Sf6, and 2M5S for P22. The 
structure closest to the ensemble average is denoted as structure 1 in the PDB-deposited 
NMR bundles.  
NMR characterization of protein dynamics 
R1, R2, and 1H-15N NOE 15N-relaxation experiments were collected on a Varian INOVA 
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600 MHz instrument. Interleaved relaxation delays of 0.05, 0.13, 0.21, 0.49, 0.57, 0.71, 
0.99, and 1.1 s were used for R1 experiments. For R2 experiments, interleaved relaxation 
delays of 0.01, 0.03, 0.05, 0.07, 0.09, 0.11, 0.15, and 0.25 s were used. Relaxation data 
were fit to exponential decay functions to determine relaxation time constants. 1H-15N 
NOE were obtained from an experiment in which the proton spectrum was saturated for 
3 s, and a control experiment in which the saturation was replaced by a pre-acquisition 
delay of equivalent length. Errors for the 15N relaxation values were calculated as 
previously described (Alexandrescu and Shortle 1994). The R1, R2 relaxation times, 
along with 1H-15N NOE cross-relaxation data were used to determine S2 order parameters 
and global correlation times according to the Model-Free formalism with the program 
TENSOR2 (Dosset et al. 2000; Lipari and Szabo 1982). The global correlation times for 
the three proteins were 11.0 ns for CUS-3, 12.8 ns for Sf6 compared to the 11.0 ns value 
previously reported for P22 (Rizzo et al. 2014).  
Electrostatic potential maps 
Calculations of electrostatic potentials were done with the PDB2PQR server 
(http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/) using the Adaptive Poisson-Boltzmann Solver 
(APBS) (Jurrus et al. 2018; Dolinsky et al. 2004).  The structure closest to the NMR 
ensemble average was used for each I-domain. Electrostatic potentials for the coat 
protein cores were calculated using the structure of P22 (PDB code: 5UU5) (Hryc et al. 
2017) and the 2.9 Å-resolution structure of Sf6 (PDB code: 5L35) (Zhao et al. 2017).  For 
CUS-3, a high-resolution structure of the capsid is currently not available, so the coat 
protein was modeled using the Iterative Threading ASSEmbly Refinement (I-TASSER) to 
its closest homolog, the P22 coat protein structure (Zhang 2008).  
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Comparison of conservation profiles within the P22-like cluster 
To analyze the sequence conservation profiles, the Guidance server was used to 
align full-length coat protein sequences of P22-like phage with CLUSTALW using a 
database provided by Dr. Sherwood Casjens (University of Utah) (Penn et al. 2010). Out 
of an initial database of coat proteins from 151 phages, nearly identical sequences were 
removed, leaving the 78 sequences used in this study. The conservation profiles were 
calculated with 39 sequences for P22-like, 18 sequences for CUS-3-like, and 18 
sequences for Sf6-like phages. Three sequences were left out of the individual groups as 
they were too distantly related (Casjens and Thuman-Commike 2011). However, these 
three sequences were included in the calculation of the 78 phages as they are considered 
to belong to the P22-like cluster. The alignment results were run through two scripts to 
first linearize the sequence alignment data, and then quantify conservation between 
sequences (Swithers et al. 2009). The conservation profiles were plotted using a 
smoothing window of 7 residues. Gaps that were found in 50 % of the sequences were 
removed during conservation profile calculations. From the full-length coat protein 
sequence alignments and conservation calculations, residues 220 to 345 that correspond 
to the I-domains were reported in the results.  
CUS-3 and Sf6 procapsid-like particle in vivo assembly 
The coat protein and scaffolding protein were cloned into a pET21a plasmid for in vitro 
assembly of procapsid-like particles. Thirty mL overnight cultures were grown at 30 C 
for next day inoculation. Three liters of LB were inoculated with the overnight with 100 
ug/mL of ampicillin. Cells grew to an O.D. of 0.6 and were then induced for four hours 
with isopropyl--D-1-thiogalactopyranoside at a final concentration of 1 mM. We 
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harvested cells by centrifugation with a thermo scientific F9-6x1000 LEX rotor spun at 
6000 RPMs for 20 minutes. Cell pellets were resuspended in 30 mL of Buffer B ( 25 mM 
Tris, 2 mM EDTA, and 50 mM NaCl), lysozyme at a final concentration of 200 ug/mL, 
and triton at 0.1 % final concentration. Cells were gently lysed with three freeze, thaw 
cycles in which cells were thawed at 37 C with a final concentration of 1 mM PMSF 
added each cycle. On the final thaw cycle, 50 ug/mL final DNase and RNase, 2 mM 
final MgCl2, and 0.5 mM final CaCl2 were added to the lysed cells. Cell lysates were 
processed by centrifugation at 16,500 RPMs with a F18 12x50 Sorvall RC6+ rotor at 4 
C, the supernatant was kept separate. The pellet was resuspended again with buffer B 
and respun again at 16,500 RPMs with a F18 12x50 Sorvall RC6+ rotor at 4 C. All 
supernatants were pooled and respun again at 16,500 RPMs with a F18 12x50 Sorvall 
RC6+ rotor at 4 C. The supernatants were then pooled and centrifuged at 63,000 and 
45,000 RPMs for CUS-3 and Sf6 respectively with a Sorvall T-865 rotor to pellet the 
procapsid-like particles. Procapsid-like particles were shook overnight at RT and 4 C 
for CUS-3 and Sf6, respectively. Insoluble matter in the resuspended pellets were spun 
out at 16,500 RPMs with an F18 12x50 Sorvall RC6+ at 4 C. The processed cell lysate 
was loaded onto an S-1000 column for purification. The column was run at 0.2 mL/min, 
4 mL fractions were collected for a total volume of 200 mLs. Processed samples and 
fractions were run on an 10 % SDS-PAGE gel. Pure and impure fractions identified by 
SDS-PAGE were pooled and spun separately at 63,000 and 45,000 RPMs for CUS-3 
and Sf6 respectively with a Sorvall T-865 rotor to pellet the procapsid-like particles. 
Procapsid-like particles were shook overnight at RT and 4 C for CUS-3 and Sf6, 
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respectively. Impure procapsid-like particles were reapplied to the S1000 column with 
the same above settings. 
Procapsid-like particle urea denaturation 
 The procapsid-like particles were then diluted to 2.5 mg/mL in 50 uL aliquots and each 
aliquot was mixed with 200 uLs of 0-7 M urea at 1 M increments. Samples were 
incubated overnight to reach equilibrium and then run on a 1 % native agarose gel.   
Procapsid-like particle heat expansion 
CUS-3, Sf6, and P22 procapsid-like particles were diluted to a final concentration of 1 
mg/ml in Buffer B (25 mM Tris, 2 mM EDTA, and 50 mM NaCl) in a final volume of 200 
uL and incubated at room temperature for 30 minutes. After 30 minutes, the 1 mg/ml 
sample was split into 20 uL aliquots and incubated for 15 minutes at the following 
temperatures (C): RT, 49, 50.7, 53.4, 57.6, 62.7, 67.3, 70.2, and 72. To each aliquot, 
10 uL of agarose sample buffer was added. Samples were run on a 1% agarose gel for 
70 mins and Coomassie-stained for visualization of particles.  
Electron micrograph grids 
Copper electron micrograph grids were prepped with 3 uL of procapsids from 
representative aliquots of the urea titration and allowed to sit for one minute. Grids were 
washed with two drops of deionized water. Grids were incubated for 30 seconds with 2 
drops of 1 % uranyl acetate. Excess stain was wicked off and allowed to air dry. A 
micrographs were collected at 63,000 on a FEI Tecnai 12 G2 Spirit BioTWIN 
transmission electron microscope. 
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CUS-3 in-vitro assembly 
Thirty mL bacterial cultures were inoculated with one colony of BL21(DE3) containing a 
pET21a plasmid with the cloned in scaffolding and coat proteins. The bacterial cultures 
were grown at 30 C overnight and used to inoculate 3 L of LB broth the next day. The 
cells were grown at 37 C to O.D. of 0.6 and then induced with a final concentration of 1 
mM isopropyl--D-1-thiogalactopyranoside for four hours. Cells were then spun down by 
centrifugation in a thermos-scientific F9-6x1000 rotor at 6000 RPMS. Cells were  
resuspended in 30 mLs of Buffer B, lysozyme at a final concentration of 200 ug/mL, and 
Triton at 0.1 % final concentration. The cells were lysed by four freeze-thaw cycles and 
1 mM final concentration of PMSF was added during each thaw. After the last thaw 50 
ug/mL final DNase and RNase, 2 mM final MgCl2, and 0.5 mM final CaCl2 were added 
to the lysed cells. The lysed cells were then processed by centrifugation with a F18 
12x50 Sorvall RC6+ rotor at 4 C at 16,500 RPMs, the supernatant was set aside for 
further centrifugation. The pellet was resuspended with buffer B and centrifuged again 
at 16,500 RPMs with the F18 12x50 Sorvall RC6+ rotor at 4 C. All supernatants were 
pooled and centrifuged again at 16,500 RPMs with a F18 12x50 Sorvall RC6+ rotor at 
4 C. The supernatants were then centrifuged at 45,000 RPMs at 4 C with a Ti-865 
rotor. The pellet was resuspended in Buffer B and resuspended overnight on a shaker 
at 4 C. To a sepharose 4B size exclusion column, 400 uL of resuspended pellet was 
applied. 1.25 mL fractions were collected and run on an 1 % seakem agarose gel. 
Procapsid-like particles were seen starting at fraction 11. The first four fractions 
contained aberrant structures and were thus excluded from the pooled fractions. 
Fractions 15-28 were polled and spun at 45 K for 40 minutes with a Ti-865 rotor. The 
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pellet was resuspended on a shaker overnight in 100 uL Buffer B at 4 C. Two rounds of 
purification were needed to proceed with the following steps. Procapsid-like particles 
were incubated with final concentrations of 1.5 M urea and 0.5 M NaCl for one hour at 4 
C. Procapsid-like particles were then spun down at 50 K for 18 minutes at 4 C. The 
pellet was resuspended in 200 uL Buffer B (the original volume used for the first round 
of extraction) and incubated overnight on the shaker 4 C. A second round of extraction 
was performed the following day in the same manner. After the second extraction, 92.9 
uL of 2 mg/ml empty shells  were incubated in 232.1 uL of 9 M urea (final urea 
concentration of 6.4 M urea) at room temperature for one hour. After incubation the 
sample was split into two samples. One sample was dialyzed 3 x 1 L of 20 mM sodium 
phosphate buffer and the other sample was dialyzed 3 x 1 L of 20 mM HEPES buffer. 
For the assembly reactions in 20 mM sodium phosphate, 0.15 mg/ml capsid protein, 
0.15 mg/ml his-tagged scaffolding protein and 60 mM NaCl were mixed in an 
asymmetric cuvette. For assembly reactions in 20 mM HEPES, 0.15 mg/ml capsid 
protein, 0.15 mg/ml his-tagged scaffolding protein and 70 mM KAc were mixed in an 
asymmetric cuvette. The reactions were monitored on a Horiba scientific Fluoromax-4 
spectrofuorometer excitation and emission wavelength of 500 nm for 3600 seconds.  
Sf6 scaffolding protein truncation mutants 
Ten mL of E.coli cells containing pET21a with the Sf6 scaffolding and capsid genes 
were grown overnight at 30 C. The plasmid was extracted using the Agilent Strataprep 
plasmid miniprep kit (cat. # 400763). PCR reactions were mixed with 1 uL of 10 ng/uL 
plasmid, 25 uL Phusion high-fidelity PCR master mix (cat. # M0531L), 2.5 uL of 0.1 
mg/mL of forward and reverse primers and 19 uL diH20. The PCR reactions were run 
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with an annealing temperature of 55 C.  Together, 4 uL of PCR product,  1 uLT4 
polynucleotide kinase (NEB cat# M0201S), 5 uL T4 polynucleotide kinase buffer, and 40 
uL autoclaved diH2O were mixed and incubated at 37 C for 30 minutes. The reaction 
was heat inactivated at 65 C for 5 minutes. To ligate the product together, 3.5 uL of the 
phosphorylated product, 13.5 uL autoclaved diH2O, 2uL 5x  T4 DNA Ligase buffer (NEB 
cat. #B0202A), and 1 uL T4 DNA Ligase (NEB cat.#M0202S) were mixed and incubated 
at room temperature for 1 hour. The Ligation mixture was then incubated overnight at 4 
C. The next day the entire ligation mixture was transferred into 50 uL competent E. coli 
cells and then incubated on ice for 30 minutes. The cells were heat shocked for 45 
seconds at 42 C, then incubated on ice for 2 minutes. To the cell mix, 500 uL of LB 
was added and incubated on a nutator at 37 C then plated on LB ampicillin plates.  
Plasmid preparations from formed colonies were performed as described above and 
truncations were confirmed through Sanger sequencing results from genewiz.  
Sf6 scaffolding protein truncation purification  
Ten mL bacterial cultures were inoculated with one colony of BL21(DE3) containing a 
pET21a plasmid with the cloned in scaffolding and coat proteins. The bacterial cultures 
were grown at 30 C overnight and used to inoculate 1 L of LB broth the next day. The 
cells were grown to O.D. of 0.6 and the induced with a final concentration of 1 mM 
isopropyl--D-1-thiogalactopyranoside for four hours. Cells were then spun down by 
centrifugation in a thermo-scientific F9-6x1000 rotor at 6000 RPMS. Cells were  
resuspended in 10 mLs of Buffer B and placed in -20 C freezer. Cells were gently lysed 
by four freeze-thaw cylces with final concentration 1mM PMSF. Cells were processed 
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as described above with the only difference being that the final pellet after 
ultracentrifugation was resuspended in 200 uL Buffer B. The resuspended pellet was 
loaded onto a Sepharose 4b size exclusion column and 1.25 mL fractions were 
collected. Fractions from the column were run on a 1% seakem agarose gel with 
Sybrsafe DNA gel stain. Sybrsafe stain was imaged on a Biorad chemidoc MP imaging 
system with blue light. The gels were then stained with Coomassie blue. TEM images of 
fractions were imaged with TEM as described above. 
Urea equilibrium denaturation of CUS-3 I-domain monitored by fluorescence  
Fluorescence experiments were collected on a SLM Aminco-Bowman 2 
spectrofluorometer. Excitation scans were taken from 250.0 to 290 nm and emission 
scans were taken from 290 to 350 nm at a scan rate of 1.0 nm/second for the CUS-3 I-
domain at 2.1 uM in both 0 and 6 M urea. Despite the presence of no tryptophan 
residues and one tyrosine residue a difference in signal was detected. CUS-3 I-domain 
at 2.5 uM was then incubated in increasing concentrations of urea overnight. Samples 
were monitored at 20 C in the fluorometer with excitation set to 280 nm and emission 
set to 305 nm at bandwidths of 4 nm. The photomultiplier was set to 850 volts and a 30 
second time trace was collected. The data was averaged using the software.   
Urea equilibrium denaturation of CUS-3 I-domain monitored by circular dichroism 
CD experiments were collected on an Applied photophysics Pi-Star 180 circular 
dichroism spectropolarimeter. The 14 uM CUS-3 I-domain were mixed in 0 to 6 M urea 
at 0.1 M increments with a microlab titrator and incubated overnight at 20 C. Before 
data collection wavescans were collected on the  0 and 6 M samples from 200 to 250 
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nm with a stepsize of to ensure spectral difference. Each sample was then monitored at 
20 C, at a wavelength of 220 nm with slits set to 3 nm. Data was collected with a 30 
second kinetic scan and 100 points per scan. To extract the free energy of unfolding the 
urea equilibrium denaturation curves were fit with the following equation: 
Temperature melts monitored by circular dichroism were monitored at 220 nm with a 
bandwidth of 3 nm with a setting time of 30 seconds and time per point of 15 seconds. 
The temperature was collected from 20 to 80 C at a step-size of 0.5 C and tolerance 
of 0.25 C and a rate of 1.0 C per minute. 
 I-domain pull down assay 
Ten mLs of LB inoculated in separate cultures with a colony from plated Salmonella 7136, 
Shigella PE577 & E. coli EV36 were grown overnight at 30 C. Seventy-five mLs of day 
culture were inoculated with the overnight seed culture and grown to O.D of 0.6. Cells 
were then centrifuged with an F18 12x50 Sorvall RC6+ rotor at 4300 RPMS for 15 
minutes. Cells were resuspended in cold LB for a final concentration of 1.8 * 109 cells/mL. 
The P22, CUS-3 and Sf6 I-domains were purified according to previously reported 
protocols (reference). A total amount of 100 ug of I-domain was incubated with 100 uL of 
1.8 * 109 cells/mL bacterial cells for one hour at room temperature and then spun at 13,200 
RPMS with rotor ???? for 15 minutes. The supernatant was removed via a vacuum pump 
and the pellet washed with 1 mL PBS. The spin and wash were repeated twice. After the 
final spin 1 mL of cold PBS was added to each reaction. To each reaction 50 % w/v TCA 
was added and then rested at RT for 15 minutes and then spun for 15 minutes. The 
supernatant was then removed and the pellet was washed with 500 uL of acetone and 
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then spun at 14,300 RPMS for five minutes. Acetone was evaporated off at RT overnight. 
Twenty-five uLs 1x sample buffer was added to each pellet and heated to 95 C for three 
minutes and then spun at 14,300 RPMs for five minutes. Samples were run on a 15 % 
SDS-PAGE gel. The gels were fixed in a 10 % acetic acid and 50 % ethanol, heated for 
30 seconds in a microwave then allowed to incubate on a shaker for ten minutes at room 
temperature. The gel was washed with 100 mLs of deionized water, microwaved for 30 
seconds and allowed to incubate on a shaker at room temperature for five minutes, 
repeated once. The 25 mL His-Tag stain was added to the gel, microwaved for 30 
seconds and allowed to incubate on shaker for 40 minutes at RT. The gel was washed 
with 20 mM phosphate buffer, pH 7.8 and microwaved for 30 seconds and allowed to 
incubate for five minutes on shaker at RT and repeated once. The gel was visualized on 
a UN transilluminator at 302 nm.  
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Chapter 3: NMR assignments of the coat protein I-domains of CUS-3 and Sf6 
bacteriophage  
 
Purpose of study 
 Structural characterization of a protein by nuclear magnetic resonance (NMR) 
spectrospcopy depends on arduous assignments of a protein’s atoms. Assignments of 
the atoms are possible through a series of two- and three-dimensional NMR 
experiments (Cavanagh 2006). The CUS-3 and Sf6 I-domains are shown to be well-
folded proteins that are ideal for solution state structural characterization using NMR. 
Here we’ve shown the preliminary work done to proceed to structural characterization of 
the CUS-3 and Sf6 I-domains. 
 
 
 
 
Adapted from:  
 
Tripler, T. N., M. W. Maciejewski, C. M. Teschke, and A. T. Alexandrescu. 2015. 'NMR 
assignments for the insertion domain of bacteriophage CUS-3 coat protein', Biomol 
NMR Assign, 9: 333-6. 
 
Tripler, T. N., C. M. Teschke, and A. T. Alexandrescu. 2017. 'NMR assignments for the insertion 
domain of bacteriophage Sf6 coat protein', Biomol NMR Assign, 11: 35-38. 
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a. Methodology of NMR assignments 
 In NMR two-dimensional (2D) and three-dimensional (3D) experiments are used 
to assign atoms in a protein’s peptide backbone and amino acid side-chains for further 
use in structural characterization (Cavanagh 2006). Each set of experiments assigns a 
targeted type of atom in the protein and each data set can lead to further atomic 
assignments. For example heteronuclear single-quantum coherence (HSQC) is a single 
NMR experiment that correlates the amide nitrogen and hydrogen in the peptide 
backbone. This correlation gives rise in the HSQC spectrum, with 15N and 1H axes, to a 
peak representative of each amide group in the peptide backbone (blue labelled peaks), 
each proton in the asparagine and glutamine amide group (magenta labelled peaks), and 
the -NH group in the tryptophan indole ring (no data for the CUS-3 I-domain) (Figure 3-
1). Here we will discuss the process of assigning a selected set of atoms in a single amino 
acid, CUS-3 I-domain’s I302, for simplicity to understanding the methodology.  
 The 2D HSQC experiment correlates the amide 1H and 15N in the peptide 
backbone and can be extended into a third dimension. For the HNCACB NMR 
experiment, the HSQC is extended into a third carbon dimension. This dimension 
correlates the amide 15N and 1H in the peptide backbone to the intra and i-1 C and C 
carbons (Figure 3-2). Thus, for each peak in the HSQC that corresponds to an amide NH 
in the HSQC the HNCACB spectrum contains four peaks. The four peaks represent the 
intra and i-1 C and C carbons. With this correlation you can connect a string of amino 
acids in a protein and assign the C and C carbon atoms.  
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 In an CCH-TOCSY experiment you can correlate all carbons in an amino acid side-
chain to one another (Figure 3-3A). The assignments of the C and C carbons from the 
HNCACB are used to determine the strips for each amino acid side-chain and assign 
each carbon atom in the side-chain. The HCCH-TOCSY experiment correlates the 
protons of each carbon atom in the amino acid side-chain to all carbon atoms present in 
the side-chain (Figure 3-3B). Additional experiments are used to confirm these 
assignments, assign the carboxyl in the peptide backbone, and assign aromatic residues. 
We use these assignments in 15N-NOESY and 13C-NOESY experiments that correlate 
residues within 5 Å of one another in the protein structure. The assignments are then used to 
calculate the NMR solution structure.     
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Figure 3-1. Spectrum of an HSQC. The HSQC shows peaks that represent the amide 
15N and 1H in the peptide backbone. 
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Figure 3-2. Spectrum of an HNCACB experiment. The extension of the 2D HSQC into a 
third 13C dimension in an HNCACB experiment. The HNCACB experiments correlates 
each amide 15N and 1H to intra and i-1 C and C carbons. 
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Figure 3-3. CCH-TOCSY and  HCCH-TOCSY of CUS-3 I302. A. CCH-TOCSY 
spectrum of peaks that represent  the side-chain carbon atoms of CUS-3 I302 are 
shown. B. HCCH-TOCSY spectrum of peaks that represent the side-chain proton atoms 
of CUS-3 I302.  
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b. NMR assignments for the insertion domain of bacteriophage CUS-3 coat 
protein 
 
Abstract 
CUS-3 is a P22-like tailed dsDNA bacteriophage that infects Escherichia coli serotype 
K1. The CUS-3 coat protein, which forms the icosahedral capsid, has a conserved HK97-
fold but with a non-conserved accessory domain known as the insertion domain (I-
domain). Sequence alignment of the coat proteins from CUS-3 and P22 shows higher 
sequence similarity for the I-domains (35%) than for the HK97-cores, suggesting the I-
domains play important functional roles. The I-domain of the P22 coat protein, which has 
an NMR structure comprised of a six-stranded β-barrel, has been shown to govern the 
assembly, stability and size of the resulting capsid particles. Here, we report the 1H, 15N, 
and 13C assignments for the I-domain from the coat protein of bacteriophage CUS-3. The 
secondary structure and dynamics of the CUS-3 I-domain, predicted from the assigned 
NMR chemical shifts, agree with those of the P22 I-domain, suggesting the CUS-3 and 
P22 I-domains may have similar structures and functions in capsid assembly. 
Biological context 
 CUS-3 bacteriophage is a dsDNA virus, which infects Escherichia coli serotype 
K1, and belongs to the group of P22-like phages (Casjens and Thuman-Commike 2011). 
Recent work has classified 151 P22-like bacteriophages into 3 sub-groups based on coat 
protein sequence identity: CUS-3-like, P22-like, and Sf6-like (Casjens and Thuman-
Commike 2011; Parent et al. 2014). In addition to a core coat protein structure based on 
the HK97-like fold, all three phage sub-groups have an accessory domain within the coat 
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protein called the inserted domain or "I-domain" (Parent et al. 2012; Parent et al. 2014; 
Rizzo et al. 2014). The I-domains of CUS-3 and P22 have 35% sequence identity 
compared to 28% identity for the entire coat proteins, as determined with the Clustal W 
program. This level of sequence conservation suggests that the I-domains are likely to 
have similar structures and functional roles in the CUS-3 and P22 phages.  
We recently determined the NMR structure of the P22 I-domain and showed that 
the protein folds into a six-stranded β-barrel ((Rizzo et al. 2014); PDB 2M5S). The β-
barrel has an asymmetric charge distribution, with a positively charged face that is used 
to dock the I-domain to a complementary negatively charged surface on the HK97-core 
structure. The flexible D-loop between strands 1 and 2 of the β-barrel forms ion pair 
interactions between adjacent coat proteins in the capsid. The flexible S-loop abuts the 
A-domain of the HK97-core and may modulate the curvature of the coat protein, which in 
turn could govern capsid size. Additional functions for the P22 I-domain include roles as 
a folding nucleus, stabilization of the coat protein, and serving as an interaction partner 
of the portal complex (Rizzo et al. 2014; Suhanovsky and Teschke 2013).  
 Cryo-electron imaging of CUS-3 bacteriophage shows the capsids assemble into 
T=7l icosahedral shells, similar to P22 phage (Parent et al. 2014). The I-domains are 
displayed on the surfaces of the capsids with similar orientations for P22 and CUS-3, but 
there is a more marked difference for the I-domain of Sf6 phage. Here we report the NMR 
assignments of the I-domain from CUS-3, necessary to determine the NMR structure and 
dynamics of this accessory module discussed in chapter 4. 
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Assignments and data deposition 
 Figure 3-4 shows the assigned 1H-15N HSQC spectrum of the CUS-3 I-domain. 
Backbone assignments are more than 98% complete. Side-chain assignments were 
obtained for 91% of carbons, 98% of hydrogens, and 82% of nitrogens. The chemical 
shifts have been deposited in the Biological Magnetic Resonance Bank 
(http://www.bmrb.wisc.edu/) with the accession number 25263.  
 Figure 3-5a compares the secondary structure of the CUS-3 I-domain predicted 
from the amino acid sequence using the Jpred server (Cole, Barber, and Barton 2008) to 
that calculated from the assigned chemical shifts with the program TALOS+ (Shen et al. 
2009). The predicted β-strands have been numbered according to the NMR structure of 
the P22 I-domain (Fig. 3-5B). Black dots show amide protons that survive exchange in 
D2O for 2 h, and are likely to be involved in hydrogen-bonded secondary structure. The 
solvent protection data generally agree with the secondary structure predicted by the 
TALOS+ program (Shen et al. 2009), except for the region A320-K325 that shows 
protection but no clear secondary structure preferences. The S2 order parameters 
predicted by the TALOS+ program (Shen et al. 2009) from the assigned chemical shifts, 
suggest two dynamic regions corresponding to segments V238-N250 and D282-Q286.    
 Figure 3-5B summarizes the secondary structure and dynamics of the P22 I-
domain (Rizzo et al. 2014) for comparison with the homologous domain from CUS-3. The 
I-domains have similar secondary structure elements and dynamics. We therefore 
anticipate that the CUS-3 I-domain will share the 6-stranded β-barrel fold of the P22 
domain, and functionally important dynamic segments analogous to the D- and S-loops 
in the P22 I-domain structure (Rizzo et al. 2014).  Possible differences, at the current level 
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of analysis, are segregated to the C-terminus of CUS-3, where strand βiii of the small β-
sheet outside of the β-barrel may be missing. Strand β6 of the β-barrel appears to be 
shorter in CUS-3, and gives small predicted S2 order parameters suggestive of flexibility. 
However, the S2 order parameters determined from NMR relaxation data has shown that 
strand β6 is more structured. More detailed information on similarities and differences in 
how the I-domains interact with the HK97 core segments of the respective coat proteins 
is discussed further in chapter 4. 
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Figure 3-4. 1H-15N HSQC showing NMR assignments for the CUS-3 coat protein I-
domain. The spectrum was recorded on a 1.9 mM sample, at 25o C, pH 6.0. Backbone 
signals are labeled in blue. Sidechain resonances are indicated in magenta, with dashed 
lines and the superscript 'SC'. Residues are numbered according to the full-length CUS-
3 coat protein. Amino acids, L338 and A221, enclosed in parenthesis  are cloning artifacts 
that are not part of the native protein. 
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Fig. 3-5. Comparison of secondary structure and dynamics in the (a) CUS-3 and (b) P22 
I-domains. (a) CUS-3 I-domain. From top to bottom: amino acid sequence, residues 223-
337; backbone amide protons protected from hydrogen exchange for 2 h at 25o C, pH 6.0 
(black circles); JPred secondary structure prediction; TALOS+ secondary structure 
prediction with the β-strands in the β-barrel colored magenta and those in the accessory 
β-sheet colored orange; TALOS+ S2 order parameter prediction, with flexible regions 
having S2 values lower than 0.75 indicated with green "x" symbols. (b) Secondary 
structure and dynamics of the P22 I-domain (Rizzo et al. 2014). Segments of secondary 
structure and S2 order parameters determined from the NMR structure and 15N relaxation 
measurements, are color-coded as above. 
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c. NMR assignments for the insertion domain of bacteriophage Sf6 coat protein 
Abstract 
The P22 bacteriophage group is a subgroup of the λ supercluster, comprised of the 
three major sequence types Sf6, P22, and CUS-3, based on their capsid proteins. Our 
goal is to investigate the extent to which structure-function relationships are conserved 
for the viral coat proteins and I-domains in this subgroup. Sf6 is a phage that infects the 
human pathogen Shigella flexneri. The coat protein of Sf6 assembles into a procapsid, 
which further undergoes maturation during DNA packaging into an infectious virion. The 
Sf6 coat protein contains a genetically inserted domain, termed the I-domain, similar to 
the ones present in the P22 and CUS-3 coat proteins. Based on the P22 example, I-
domains play important functional roles in capsid assembly, stability, viability, and size-
determination. Here we report the 1H, 15N, and 13C chemical shift assignments for the I-
domain of the Sf6 phage coat protein. Chemical shift-based secondary structure 
prediction and hydrogen-bond patterns from a long-range HNCO experiment indicate 
that the Sf6 I-domain adopts a 6-stranded β-barrel fold like those of P22 and CUS-3 but 
with important differences, including the absence of the D-loop that is critical for capsid 
assembly and the addition of a novel disordered loop region.  
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Biological context 
A recent bioinformatics analysis of more than 150 P22-like phages, showed that these 
cluster into three branches based on coat protein sequence identity: P22, CUS-3 and 
Sf6-like (Casjens and Grose 2016). The Sf6 phage infects the human pathogen Shigella 
flexneri and is suggested to increase the pathogenicity of the bacterium (Parent et al. 
2014). The Sf6 coat protein has low sequence identity (< 20%) to those of P22 and 
CUS-3 but nevertheless adopts an HK97 folding motif and contains a distinct genetically 
inserted I-domain (Parent et al 2014, Rizzo et al. 2014). To date the only structurally 
characterized I-domain is that of the P22 phage, which has a 6-stranded β-barrel fold, a 
smaller accessory subdomain consisting of three β-strands, and a one and a half-turn α-
helix (Rizzo et al. 2014). The P22 I-domain plays critical roles in capsid assembly, 
stability, viability, and size determination (Rizzo et al. 2014, D’Lima and Teschke 2015). 
Cryo-electron reconstructions show that the Sf6, P22, and CUS-3 I-domains protrude 
from the surfaces of T = 7 icosahedral particles (Parent et al. 2014). Interestingly, the 
morphology of the protrusions in Sf6 are different than in P22 and CUS-3, prompting us 
to examine if these changes are due to differences in the Sf6 I-domain structure (Parent 
et al 2014). Here we present NMR assignments for the Sf6 I-domain to complement 
those previously reported for the I-domains of P22 (Rizzo et al. 2014) and CUS-3 
(Tripler et al. 2015) .  
Assignments and data deposition 
Based on the quality reports from CcpN Analysis (Vranken et al. 2005), backbone 
chemical shift assignments were completed to greater than 98 % (Figure 3-6). Residues  
P290 and I291 could not be assigned. Side-chain assignment coverage was 82 % for 
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carbons, 92 % for hydrogens, and 89 % for nitrogens. Chemical shifts were deposited in 
the Biological Magnetic Resonance Bank (http://www.bmrb.wisc.edu) under accession 
number 26844. 
 Information on the secondary structure and dynamics of the three I-domains from 
phages Sf6, CUS-3, and P22 is summarized in Figure 3-7 similar to Figure 3-5. The 
three I-domains show similar secondary structure elements and we have confirmed that 
the Sf6 I-domain adopts a 6-stranded β-barrel core fold, like that of P22, based on 
hydrogen-bonding patterns identified from long-range HNCO data (Cordier and 
Grzesiek 1999). An important difference for Sf6, is that the D-loop (residues V239 to 
N254) found in the P22 and CUS-3 I-domains is absent in the Sf6 I-domain. This D-loop 
forms critical interactions between coat proteins to form proper capsid structures in P22 
(D’Lima and Teschke 2015). Its absence in the Sf6 I-domain may account for the 
differences in morphology observed in cryo-EM reconstructions of Sf6 capsids 
compared to those from P22 and CUS-3 (Parent et al 2014).  In lieu of the D-loop, the 
Sf6 I-domain appears to have a new disordered loop between strands 5 and 6 of the β-
barrel that is not observed in P22 or CUS-3 (Figure 3-7). Another difference is that the 
Sf6 I-domain appears to be missing the accessory sub-domain (consisting of three β-
strands and a short α-helix) seen in P22. The NMR structure of the Sf6 I-domain is 
discussed further in chapter 4.   
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Figure 3-6. 1H-15N HSQC of the Sf6 I-domain at pH 6.0, 25 °C. Backbone chemical 
shifts are labeled blue and side-chain protons in magenta.  Residues are numbered 
according to their positions in the amino acid sequence of the full-length Sf6 coat protein. 
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Figure 3-7. Comparison of secondary structure and dynamics in the I-domains of 
phages (a) Sf6 (b) P22 (Rizzo et al 2014) and (c) CUS-3 (Tripler et al. 2015). For each 
protein the following are shown: amino acid sequence, residues protected from 
hydrogen exchange (indicated by filled circles), secondary structure prediction from 
sequence calculated with the JPred program (Cole et al 2008), chemical-shift based 
secondary structure prediction calculated with TALOS-N (except for P22 where the 
schematic is based on the NMR structure) and prediction of backbone dynamics from 
TALOS-N (Shen and Bax 2015) where the green symbols "x" indicate flexible regions 
with small predicted S2 order parameters (except for P22 where the dynamics 
information is based on 15N-relaxation measurements). The β-strands that make up the 
core 6-stranded β-barrel fold of the I-domain are shown in magenta while those from the 
smaller accessory subdomain are shown in orange.  For the Sf6 I-domain, the β-strand 
numbering is based on a long-range HNCO spectrum that identifies residues 
participating in H-bonds (Cordier and Grzesiek 1999). 
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Chapter 4 
Conservation and divergence of the I-domain inserted into the ubiquitous HK97 
coat protein fold in the P22-like bacteriophages 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Adapted from:  
 
 Tripler, T. N., A. R. Kaplan, A. T. Alexandrescu, and C. M. Teschke. 2019. 'Conservation 
and divergence of the I-domain inserted into the ubiquitous HK97 coat protein fold 
in the P22-like bacteriophages', J Virol. 
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Abstract  
Despite very low sequence homology, the major capsid proteins of dsDNA 
bacteriophages, some archaeal viruses and the herpesviruses, share a common 
structural motif - the HK97-fold. Bacteriophage P22, a paradigm for this class of viruses, 
belongs to a phage gene cluster that contains three homology groups: P22-like, CUS-3-
like and Sf6-like. The coat protein of each phage has an inserted domain (I-domain) that 
is more conserved than the rest of the coat protein. In P22, loops in the I-domain are 
critical for stabilizing intra- and inter-subunit contacts that guide proper capsid assembly. 
The NMR structures of the P22, CUS-3 and Sf6 I-domains reveal they are all six-stranded, 
anti-parallel -barrels. Nevertheless, significant structural differences occur in loops 
connecting the  -strands, in surface electrostatics used to dock the I-domains with their 
respective coat protein core partners, and in sequence motifs displayed on the capsid 
surfaces. Our data highlight the structural diversity of I-domains that could lead to 
variations in capsid assembly mechanisms and capsid surfaces adapted for specific 
phage functions. 
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Introduction 
Viruses encapsulate their nucleic acids in a protein shell called a capsid that 
protects the genome until it is delivered to target cells. The capsid is self-assembled from 
viral coat proteins. Viral lineages fall into four families based on the major capsid coat 
protein structure: PRD1-like, Picorna virus-like, HK97-like, and BTV-like (Abrescia et al. 
2012; Bamford, Grimes, and Stuart 2005). The HK97-fold is found in tailed dsDNA 
viruses, including phage P22, as well as some archaeal dsDNA viruses, and 
herpesviruses (Huet et al. 2016; Dai and Zhou 2018; Homa et al. 2013; Yuan et al. 2018; 
Pietila et al. 2013). Within the lambda phage supercluster there is a P22-like phage 
homology cluster that includes over 150 phages. This cluster can be further subdivided 
into three major groups: P22-like, CUS-3-like, and Sf6-like (Casjens and Grose 2016; 
Casjens and Thuman-Commike 2011). The coat proteins from the three representative 
phages P22, CUS-3, and Sf6 have low amino acid sequence identity (14 - 28%) but all 
contain a protein domain incorporated within the HK97-fold scaffold, termed the “insertion 
domain” (I-domain).  
In previous work, we showed that the I-domain is an important modulator of the 
stability and function of the coat protein from phage P22. Specifically, the I-domain D-
loop forms critical electrostatic interactions across the icosahedral two-fold axes that 
stabilize and determine the morphology of the phage P22 capsid (D'Lima and Teschke 
2015). A second S-loop in the I-domain participates in capsid T-number determination 
(Suhanovsky and Teschke 2011). Besides capsid assembly, the I-domain is involved in 
additional functions including nucleating the folding of the coat protein, and phage 
incorporation of the portal complex that is used to package the dsDNA genome 
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(Suhanovsky and Teschke 2015; Rizzo et al. 2014; Suhanovsky and Teschke 2013; 
Suhanovsky and Teschke 2011; Teschke and Parent 2010).  
The structure of the P22 I-domain contains a six-stranded anti-parallel -barrel, 
with a small accessory sub-domain comprised of three short -strands and an -helix. 
The previously mentioned D- and S-loops, occur between -barrel strands 1-2 and 3-4, 
respectively (Fig. 1A) (Rizzo et al. 2014). The D-loop is disordered in the isolated I-domain 
and in full-length coat protein monomers, but becomes structured upon procapsid 
assembly by forming intercapsomer salt-bridges (D'Lima and Teschke 2015; Harprecht 
et al. 2016; Rizzo et al. 2014). Stronger cryo-EM density for the D-loop segment in the 
procapsid compared to the mature capsid, suggests that the D-loop is less structured in 
the latter, as the salt bridges are replaced with a smaller number of polar contacts upon 
capsid maturation (Rizzo et al. 2014). Thus, the intrinsic flexibility of the P22 I-domain’s 
D-loop appears to provide functionally important malleability, both for capsid assembly 
and the conformational transition between the procapsid and the mature capsid.  
The I-domain protrudes from the capsid surface, above the coat protein core. Here, 
we refer to the ‘core’ as the HK97-fold portion of the coat protein, without the I-domain. 
The -barrel of the P22 I-domain has a markedly polar distribution of electrostatic 
charges. The face of the -barrel facing the environment is predominantly acidic, giving 
the capsid surface an overall negative charge. The opposite side of the barrel facing the 
coat protein core has a high content of positively-charged basic residues. The resulting 
positively-charged surface electrostatically docks the I-domain against a negatively-
charged patch on the core of the coat protein structure. Many amino acid substitutions, 
located on the positively-charged docking side of the I-domain’s -barrel, are associated 
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with the temperature-sensitive folding (tsf) phenotype in phage P22, suggesting an 
additional role for the P22 I-domain in coat protein folding and stability (Teschke and 
Parent 2010; Rizzo et al. 2014). Indeed, the I-domain contributes about half of the 
thermodynamic stability of coat protein monomers (Suhanovsky and Teschke 2013).  
In the current work, we report the NMR structures of the I-domains from phages 
CUS-3 and Sf6. Together with the previously determined NMR structure of P22 (Rizzo et 
al. 2014), these represent the three major groups encompassing 150 phages in the P22-
like cluster. The NMR structures of the three I-domains are complemented with 
information on protein dynamics derived from NMR relaxation data. We compare the I-
domain NMR structures to those from recent cryo-EM reconstructions of phage P22 and 
Sf6 capsids (Zhao et al. 2017; Hryc et al. 2017). Finally, we analyze how differences in I-
domain structures led to variations in capsid surfaces that could impact phage functions.   
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Results 
a. I-domains share a conserved -barrel structure with differences at the 
periphery 
A motivation for the present work was that early cryo-EM reconstructions of phages 
P22, CUS-3, and Sf6 showed differences in surfaces morphologies for regions 
corresponding to the I-domains, suggesting there might be structural differences between 
these modules in the three representative phages (Parent et al. 2014). To examine the 
extent to which structural properties are conserved, we determined the NMR structures 
of the I-domains from phages CUS-3 and Sf6 (Figure 4-1). These were compared to the 
previously determined structure of the phage P22 I-domain (Rizzo et al. 2014). Statistics 
pertaining to the NMR structures of CUS-3 and Sf6 are given in Table 4-1.  
 The structures of all three I-domains adopt a conserved six-stranded anti-parallel 
Greek Key -barrel motif (colored in blue in Figure 4-1). The overall structures of the three 
I-domains are precisely defined, with backbone RMSDs ranging between 0.48 and 0.92 
Å for ordered regions of the structure (Table 4-1 and (Rizzo et al. 2014)). While the -
barrel is similar for the three I-domains, there are important differences at the periphery 
of this conserved motif. These include extensions of the secondary structure elements 
that comprise the -barrel. Thus, the segment corresponding to the large flexible D-loop 
in P22 (Figure 4-1A) is substituted by an extension of the hairpin between strands 1 and 
2 in the CUS-3 and Sf6 I-domains (Figure 4-1 B, C). The accessory sub-domain in the 
P22 and CUS-3 I-domains consisting of three short -strands and an -helix (Figure 4-1 
orange and magenta, respectively) is replaced by the “tangential loop” (T-loop) in the Sf6 
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I-domain (Figure 4-1 C). Finally, the Sf6 I-domain has a unique extension of strands 2 
and 4 (2’ and 4’) that go over the top of the -barrel motif (shown in green in Figure 
4-1C). In summary, the three I-domains manifest structural modifications within a 
conserved six-stranded -barrel fold.  
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Figure 4-1. NMR structures of I-domains. (A) P22 (PDB code: 2M5S (Rizzo et al. 
2014)), (B) CUS-3 (PDB code: 6MNT), and (C) Sf6 (PDB code: 6MPO). For each 
structure the conserved six-stranded anti-parallel -barrel motif is in blue, and the 
accessory sub-domains consisting of 3 -strands and a 1.5 turn -helix are in orange 
and magenta, respectively. In Sf6, two additional -strands that cross over the top of the 
six-stranded -barrel are colored green. The top structure in each panel is the structure 
closest to the mean. 
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Table 4-1 NMR structure statistics for the CUS3 and Sf6 I-domains 
 CUS3 I-domain Sf6 I-domain 
Total number of NMR restraints 2114 1412 
Total number of NOE distance restraints 1888 1150 
     Long range (|i-j|>4) 504 397 
     Medium range (|i-j|)≤4) 242 36 
     Sequential (|i-j|)=1) 558 348 
     Intra-residue 584 369 
Total number of dihedral restraints 202 233 
    φ/ ψ 156 183 
    χ1 46 50 
H-bond restraints (2/ bond) 48 58 
RMSD from ideal geometry   
    Bonds (Å) 0.0039 ± 0.00014 0.0046 ± 0.00028 
    Angles (°) 0.57 ± 0.03 0.61 ± 0.04 
    Improper angles (°) 1.71 ± 0.12 1.90 ± 0.19 
RMSD from experimental restraintsa   
    NOE distance (Å) 0.0207 ± 0.00119 0.0643 ± 0.01413 
    Dihedral (°) 0.807 ± 0.1460 0.678 ± 0.2531 
RMSD from mean structure   
    Entire structure backbone (Å) 2.15 ± 0.40 3.58 ± 0.87 
    Entire structure heavy atoms (Å) 2.57 ± 0.38 4.23 ± 0.84 
    Ordered region, backboneb (Å) 0.92 ± 0.19 0.88 ± 0.21 
    Ordered region heavy atomsb (Å) 1.53 ± 0.23 1.43 ± 0.20 
    -barrel, backbonec (Å) 0.66 ± 0.18 0.66 ± 0.16 
    -barrel, heavy atomsc (Å) 1.16 ± 0.24 1.18 ± 0.22 
Ramachandran Plot-Procheckd   
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    Most favored (%) 84.7 73.8 
    Additionally allowed (%) 12.9 25.9 
    Generously allowed (%) 1.9 0.3 
    Disallowed (%) 0.6 0.0 
PSVS Quality Z-scoresd   
    Procheck (φ/ψ)d -2.60 -3.86 
   Molprobity Clash -5.97 -3.8 
 
a Structures had no NOE violations > 0.5 Å nor dihedral violations > 5 degrees. 
b Backbone atoms were C, C’, N, and O. Ordered regions based on 15N relaxation data (Fig. 5) 
were CUS-3: 228-238, 249-275, 286-308, 319-336 (79 residues) and Sf6: 226-240, 243-274, 292-
315, 334-341 (79 residues). 
c Residues that comprise the conserved six-stranded -barrel motif are CUS-3: 226-238, 245-253, 
266-271, 292-296, 308-313, 335-341 (35 residues) and Sf6 226-238, 245-253, 266-271, 292-296, 
308-313, 335-341 (46 residues). 
d Calculated using the Protein Structure Validation Suite (Bhattacharya, Tejero, and Montelione 
2007). 
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b. The three I-domain structures are distinct despite a shared fold 
To gauge the structural agreement between I-domains, we aligned the structures 
with the DALI/FSSP program (Table 4-2) (Holm and Laakso 2016). The RMSD values 
between the three NMR structures ranged between 2.5 and 3.8 Å, indicating that while 
the three I-domains share a six-stranded -barrel fold, the individual structures are 
distinct. Differences between the structures included loop regions, the accessory sub-
domain that is absent in the Sf6 I-domain, -strand extensions to the six-stranded -barrel 
fold motif, as well as more subtle variations in the -barrel and segments outside of 
regular secondary structure. Better structural agreement was seen between the NMR 
structures of the P22 and CUS-3 I-domains, while the Sf6 I-domain is more distinct (Table 
4-2), consistent with the higher sequence homology between the P22 and CUS-3 I-
domains (Casjens and Grose 2016; Casjens and Thuman-Commike 2011).  
For any icosahedral capsid with a triangulation number T > 1, coat protein 
monomers with identical amino acid sequences must adopt slightly different ‘quasi-
equivalent’ conformations in the asymmetric unit used to build the 20 ‘faces’ of an 
icosahedron (Caspar and Klug 1962b). Thus, in the cryoEM structures of the T=7 capsids 
of P22 and Sf6, the seven coat protein monomers show slight differences in structure that 
extend to differences in their I-domains. The average RMSDs between the seven I-
domains in the icosahedral asymmetric units are small: 0.37 Å for the 3.3 Å-resolution 
structure of P22, and 0.24 Å for the 2.9 Å-resolution structure of Sf6. As of yet there is no 
high-resolution structure available for the CUS-3 capsid. The I-domains of P22 and Sf6 
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from the cryo-EM capsid structures aligned with an RMSD of 2.2 Å (Table 4-2), a value 
considerably greater than the intrinsic variability of the structures. Thus, the cryo-EM 
structures also point to genuine differences between the P22 and Sf6 I-domains despite 
a shared six-stranded -barrel fold. 
 We also evaluated the agreement between the I-domain NMR structures and the 
corresponding modules from the two available high-resolution cryo-EM structures for P22 
and Sf6 capsids (Figure 4-2, Table 4-2). In the case of the P22 I-domains, the NMR and 
cryo-EM structures gave an RMSD of 2.0 Å, for Sf6 the RMSD was 3.6 Å. Figure 4-2 
illustrates these differences in a superposition of the NMR structures (dark blue) onto the 
I-domain extracted from the cryo-EM structures (cyan) from pentamer (top) or hexamer 
(bottom) subunits. Again, differences in the cryo-EM structures of the I-domains from the 
pentamers and hexamers due to icosahedral quasi-equivalence are small. In both the 
P22 and Sf6 I-domains, more substantial differences are seen when the cryo-EM (cyan) 
and NMR (dark blue) structures are compared (Figure 4-2). The largest differences were 
seen at the periphery of the conserved six-stranded -barrel motif, since it is these 
peripheral sites that are perturbed in the capsids by intra-monomer contacts between the 
I-domain and the coat protein core, and by contacts between I-domains in adjacent coat 
protein monomers. 
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Table 4-2. RMSD values (Å) between I-domain structures. a  
 P22 
NMR 
CUS-3 
NMR 
Sf6 
NMR 
P22 EM Sf6 EM 
P22 NMR - 2.5 3.8 2.0 2.7 
CUS-3 NMR 100 - 3.6 3.0 2.5 
Sf6 NMR 79 74 - 3.8 3.6 
P22 EM 108 110 74 - 2.2 
Sf6 EM 101 98 100 105 - 
 
a Pair-wise structure alignments and RMSD values were calculated with the DALI/FSSP 
(Holm and Laakso 2016) server (http://ekhidna2.biocenter.helsinki.fi/dali/). Entries above 
the diagonal are RMSD values (Å). Entries below the diagonal indicate the number of 
residues included in each alignment. For NMR structures, the conformer closest to the 
ensemble average was used (entry number 1 in the PDB file). For cryo-EM structures, 
we used the I-domains from the 3.3 Å-resolution structure (Hryc et al. 2017) of the P22 
capsid (PDB code 5UU5:F) and the 2.9 Å-resolution structure (Zhao et al. 2017) of the 
Sf6 capsid (PDB code 5L35:C).  
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Figure 4-2. Alignment of the (A) P22 and (B) Sf6 I-domain NMR structures (dark blue) to 
the I-domains from the P22 (PDB code 5UU5 (Hryc et al. 2017) and Sf6 (PDB code 5L35 
(Hryc et al. 2017) cryo-EM capsid reconstructions (cyan). The I-domains from the cryo-
EM structures are extracted from a pentamer and a hexamer subunit, as indicated. 
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c. Variations in electrostatic docking of the I-domain to the coat protein core 
The I-domains examined in this study adopt similar but distinct -barrel structures. 
We previously noted the marked charge polarity of the P22 I-domain (Rizzo et al. 2014; 
Hryc et al. 2017). The part of the I-domain structure exposed to solution is negatively-
charged, while the opposite side that docks onto the core of the coat protein is positively-
charged (Rizzo et al. 2014; Hryc et al. 2017). To explore structural differences in more 
detail we calculated electrostatic surface potentials for each of the I-domain NMR 
structures along with the coat protein core. (Figure 4-4). Since there is no high-resolution 
structure of the CUS-3 virion, we used I-Tasser to calculate a model of the CUS-3 
monomer (Zhang 2008). The electrostatic potential maps show that the positively-
charged character of the P22 I-domain docking interface (Fig. 4-3A) switches to nearly 
neutral in CUS-3 (Figure 4-3B, Movie S2), and is predominantly negatively-charged in 
Sf6 (Figure 4-3C). The electrostatic differences in the docking interfaces contributed by 
the I-domains are compensated by changes in charged residues at the cognate binding 
pockets of the corresponding coat protein cores (Figure 4-4). Thus, in P22, the patch from 
the coat protein core used to dock the corresponding I-domain is negatively-charged 
(Figure 4-4A), whereas in CUS-3 it is nearly neutral (Figure 4-4B), and in Sf6 it has a 
slight positively-charged character (Figure 4-4C).  
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Figure 4-3. Electrostatic properties of the I-domains. (A) P22 (B) CUS-3, and 
(C) Sf6. Coulombic potential surfaces (red = negative, blue = positive) were calculated 
with the APBS program (Jurrus et al. 2018) on a scale from -10 to +10 kcal/mol*e. The 
straight arrows indicate the I-domain surface that docks to the coat protein core. 
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Figure 4-4. Electrostatic surface potentials illustrating the lack of conservation for 
the interaction interfaces between I-domains and HK97-fold coat protein cores. (A) 
P22, (B) CUS-3, and (C) Sf6. Electrostatic surfaces were calculated on a scale from -10 
to +10 kcal/mol*e with the APBS program (Jurrus et al. 2018). See also Movie S2. 
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d. Disordered loop regions are poorly conserved  
While the six-stranded -barrel motif is conserved in the three I-domain NMR 
structures, loop segments between the -strands are not. Figure 4-5 shows backbone 
dynamics data for the three I-domains calculated from 15N relaxation data (Figure 4-6) 
using the Model Free formalism (Lipari and Szabo 1982). In this approach, the S2 “order 
parameter” describes the amplitude of backbone 1H-15N bond vibrations on the ps to ns 
timescale. Regions with S2 order parameters ≥ 0.85 indicative of rigid structure (blue in 
Figure 4-5) include all of the secondary structure elements in the I-domains, as well as 
some of the connecting loop and turn segments. Regions with S2 order parameters below 
0.85 correspond to flexible or disordered segments (red in Figure 4-5). These include the 
chain termini, the D- and S-loops in the P22 and CUS-3 I-domains, and the S- and T-
loops in the Sf6 I-domain. Overall, there is good agreement between regions with low S2 
order parameters (Figure 4-5) and regions that are imprecisely defined in the NMR 
structures of the three I-domains (Figure 4-1), indicating that the latter reflect flexible 
protein segments. 
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Figure 4-5. S2 order parameters describing backbone dynamics for the I-domains. 
(A) P22, (B) CUS-3, and (C) Sf6. Rigid regions with S2 ≥ 0.85 are shown in blue, sites 
that experience dynamics on the ps-ns timescale with S2 < 0.85 are in red. The secondary 
structures of the I-domains are shown at the bottom of each panel for reference (color 
coded as in Figure 4-1), and the flexible loop segments are labeled. The S2 values for 
P22 were previously published (Rizzo et al. 2014) and are shown here for comparison. 
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Figure 4-6. R1, R2, and NOE raw relaxation data for (A) P22, (B) CUS-3, and (C) Sf6 I-
domains. All data were obtained at a field strength of 600 MHz. The data for CUS-3 and 
Sf6 were collected at a temperature of 25 oC, and for P22 at 37 oC. 
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Discussion 
a. I-domains evolved embellishments on a conserved folding motif 
The HK97 fold, one of the most abundant protein folds on earth, is found in viruses 
that infect all three domains of life (Abrescia et al. 2012; Bamford, Burnett, and Stuart 
2002; Pietila et al. 2013; Huet et al. 2016). Often the HK97-fold has elaborations such as 
the I-domains, which are likely needed to diversify the function of this module for specific 
adaptations (Teschke and Parent 2010; Rizzo et al. 2014). The present work shows that 
the I-domains themselves exhibit variations on a conserved structural theme that includes 
differences in secondary structure elements, the locations of flexible loops, and surface 
electrostatic properties. Variations between I-domains that represent the three main 
groups of a family of over 150 P22-like phages (Casjens and Grose 2016; Casjens and 
Thuman-Commike 2011) occur primarily at the periphery and surface of the conserved 
six-stranded -barrel motif, (Table 4-3), as seen with other protein folding motifs 
(Guardino et al. 2009). 
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Table 4-3. Summary of differences found between P22, CUS-3, and Sf6 I-domains. 
  P22 CUS-3 Sf6 
Dock interface    
Residues R268-F275, A293-V298, 
I308-P310 
V264-I270, Q288-
V292, I302-P304 
A264-F270, F292-V297, 
L313-G315  
CP core 
interaction  
Electrostatic  
(- charged I-domain;  
+ charged core) 
Neutral Electrostatic  
(+charged I-domain;  
- charged core) 
 D-loop region       
Residues A233-N254 H236-T254 N239-A254 
Interaction Intercapsomer (across 2-
fold axes) 
 N.A. a Intracapsomer, interacts 
with the N-arm of an 
adjacent subunit 
 S-loop region       
Residues L281-Q291 
 
V276-Q287 
 
L276-N286 
 
Interaction Intracapsomer with spine 
helix and A-domain of 
neighboring subunit 
 N.A. a Intracapsomer with spine 
helix and I-domain of 
neighboring subunit 
 T-loop region       
Residues E323-N331 
 
R317-D323 
 
T321-S330 
 
Interaction Intrasubunit, close to E-
loop 
 N.A. a Intrasubunit, close to E-
loop  
a Unknown, since a high-resolution cryo-EM structure for the CUS-3 capsid is not yet 
available.   
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b. Functionally important loops are not well-conserved 
The flexibility of the P22 I-domain D-loop is critically important for its function since 
it participates in inter-capsomer salt bridge interactions across the icosahedral 2-fold axis, 
and undergoes a conformational change during the maturation transition from procapsid 
to dsDNA genome-packaged phage (Rizzo et al. 2014; D'Lima and Teschke 2015; 
Suhanovsky and Teschke 2011). Moreover, the intrinsic flexibility of the D-loop could be 
important in allowing coat protein monomers to adjust to the necessarily nonequivalent 
structures required for the asymmetric unit of an icosahedral particle with a triangulation 
number greater than T=1 (Caspar and Klug 1962b). Yet despite the connection between 
the flexibility of the I-domain D-loop (Figure 4-5A) and its biological functions in phage 
P22, the flexibility of the region corresponding to the D-loop is greatly reduced in the I-
domain from phage CUS-3 (Figure 4-5B), and is entirely absent from the I-domain of 
phage Sf6 (Figure 4-5C). In both the CUS-3 and Sf6 I-domains, the segments 
corresponding to the D-loop in the P22 I-domain are part of an extension of the 1-2 
hairpin from the I-domain’s six-stranded -barrel fold (Figure 4-1).  
The P22 S-loop has a role in modulating capsid size through maintaining the correct 
flexibility and orientation of the A- and I-domains in phage P22 (Suhanovsky and Teschke 
2011). Steric clashes between the two domains can affect the conformation and flexibility 
of the coat protein. These clashes likely cause a change in the curvature of the 
capsomers, which influences capsid size (Suhanovsky and Teschke 2011).  The S-loop 
is disordered in both of the isolated P22 and Sf6 I-domains, but becomes structure in the 
capsids (Fig. 2) due to interactions with other regions of the coat protein. The disorder of 
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the S-loop is greatly diminished in the isolated CUS-3 I-domain with only one residue 
showing marginal flexibility (Figure 4-5B).  
Finally, in the Sf6 I-domain a new loop we term the “Tangential loop” (T-loop) 
occurs in a region corresponding to the accessory subdomain present in the P22 and 
CUS-3 structures (Figure 4-5C). Native state hydrogen exchange experiments on the P22 
I-domain indicated that the accessory subdomain has a smaller stability to unfolding than 
the conserved -barrel structure (Newcomer et al. 2015). The dynamics data indicate that 
in contrast to the -barrel scaffold of the I-domain, flexible regions are poorly conserved, 
and are sometimes replaced by elements or extensions of secondary structure.   
c. Sequence conservation profiles reveal non-conserved loop regions between 
the I-domains 
We compared our structural results to amino acid sequence conservation profiles 
for the coat protein I-domains of the P22-like cluster (Figure 4-7). We used the ‘Guidance’ 
server to align the sequences with CLUSTALW and a Perl script to calculate the 
conservation profile, as described in the Methods (Penn et al. 2010; Swithers et al. 2009). 
We separately analyzed the P22- (Figure 4-7A), CUS-3- (Figure 4-7B), and Sf6-like 
(Figure 4-7C) groups, as well as the group of 78 non-redundant sequences covering the 
entire P22-like cluster (Figure 4-7D) (Casjens and Grose 2016). A larger score indicates 
lower conservation. We mapped the secondary structure from our P22, CUS-3 and Sf6 
NMR structures at the bottom of each of the plots for reference. In the P22-like group 
(Figure 4-7A), the least conserved regions include the D-loop. Since the residues at the 
tip of the D-loop are critically important for proper capsid assembly and stability in the P22 
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phage, this observation is unexpected and suggests that the phages in the P22-like group 
must be evolving alternate stabilizing interactions (Suhanovsky and Teschke 2011). 
Within the P22-like group the S-loop, which is important for size determination of the 
assembly product, is more conserved than the D-loop (Suhanovsky and Teschke 2011). 
Overall, in the CUS-3-like group, the I-domain appears to be more conserved than either 
the P22- or Sf6-like groups, though it is unclear why this should be. In this instance, the 
D-loop is well-conserved and the S-loop somewhat less so. In the Sf6-like group the S-
loop was more conserved compared to the new T-loop. When all 78 phages are 
compared, the D-loop region shows lower conservation than the S-loop region. However, 
the S-loop region while more conserved within the P22- and Sf6-like groups does not 
show high conservation in the P22-like phage cluster. Thus, it appears that loop regions, 
which for P22 are shown to have important roles in capsid stability and morphology, are 
not conserved. This suggests that the different groups of phages evolved either alternate 
functions or different interactions for the same convergent functional purpose for each of 
the loops. 
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Figure 4-7. Sequence conservation of I-domains in the P22-like phage cluster. Large and 
small scores indicate weak and strong sequence conservation, respectively. (A) P22 family, (B) 
CUS-3 family, (C) Sf6 family, (D) overall comparison of I-domains from a database of 78 P22-like 
phages. The gap in panel D around position 340 is due to an insertion in two of the 78 phages. 
The secondary structures of the P22, CUS-3 and Sf6 I-domains are shown at the bottom of each 
plot. In (D), the secondary structure of all represented families is indicated:  P22-like (top), CUS-
3-like (middle) and Sf6-like (bottom). The locations of the flexible D-, S- and T-loops are labeled. 
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d. Diversity in surface features   
 Differences in structures are also manifested in the surfaces of the I-domains, 
which in turn affect the surface properties of the capsids. The high-resolution cryo-EM 
structure of the P22 capsid (Hryc et al. 2017) is shown in Figure 4-8A with the I-domains 
colored blue and cyan for hexons and pentons, respectively. The D-loops are colored red 
and black to highlight the non-covalent interactions formed between the I-domains of P22. 
While the D-loop is disordered in the isolated I-domain, and when the I-domain is part of 
the full-length coat protein, it becomes structured to stabilize intercapsomer interactions 
across the icosahedral 2-fold axes (Rizzo et al. 2014; Hryc et al. 2017). This gives the 
pentons the “starfish”-like appearance in the P22 capsid structure (Figure 4-8A) but not 
in the Sf6 capsid structure where the pentons have a “pinwheel”-like shape (Figure 4-8B). 
In contrast to P22, microscopically, the region corresponding to the D-loop in Sf6 forms 
an ordered extension of the 1-2 hairpin (Figure 4-8B) that tucks in towards the coat 
protein core structure, in contrast to the intercapsomer interaction in phage P22.  
Another difference between the three I-domains is in the number of “TUT” 
(threonine-hydrophobic-threonine) sequence motifs. The TUT motif is found once in P22 
(Figure 4-9A), twice in CUS-3 (Figure 4-9B) and seven times in the Sf6 I-domain (Figure 
4-9C). TUT motifs are presented on the capsid surface and have been suggested to be 
involved in carbohydrate-binding (Zhao et al. 2017). Although a carbohydrate-binding 
function still remains to be verified experimentally, perhaps binding to glycans on target 
cell surfaces is one driver of I-domain evolution. 
In conclusion, this study highlights that the six-stranded anti-parallel -barrel 
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protein module that occurs in the HK97-folds of coat proteins from the P22-like phage 
cluster has important differences in structural properties. These differences emphasize 
the complex co-evolution of structure and function of phage and virus capsid proteins. 
These include (i) variations in elements of secondary structure and functionally important 
flexible loop regions that participate in capsid assembly, (ii) differences in charges at the 
interface used to dock the I-domain to the coat protein core, and (iii) differences in TUT 
sequence motifs displayed on the capsid surface that could comprise carbohydrate 
binding moieties. Thus, while the HK97-fold is one of the most ubiquitous structural motifs 
in nature, the many embellishments that have been added to the structure suggest a 
significant degree of structural adaptability is required to fulfill its versatile range of specific 
functional requirements.   
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Figure 4-8. Comparison of D-loop interactions in P22 and Sf6, and their effects on 
capsid surface morphology. (A) When mature P22 capsids assemble (Hryc et al. 2017), 
the dynamic D-loop becomes structured to form salt-bridges across the capsid 2-fold 
symmetry axis (Rizzo et al. 2014; D'Lima and Teschke 2015). On the surface of the 
capsid, the D-loop interaction (red in subunits A, D, E, and F and black in subunits B, C, 
and G for the P22 asymmetric unit) gives the pentons (cyan) a “starfish” like appearance. 
(B) The D-loops are not present in Sf6 capsid (Zhao et al. 2017), and the corresponding 
region that forms an extension of the 1-2 hairpin tucks into the HK97-core of the coat 
protein (red in subunits A, B, C, D and black in subunits E, F, and G in the Sf6 asymmetric 
unit). Consequently, the pentons in Sf6 have a “pinwheel” like shape compared to the 
“starfish” in P22. 
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Figure 4-9. TUT (threonine-hydrophobic-threonine) sequence motifs in the I-
domains. (A) P22, (B) CUS-3, and (C) Sf6. The TUT motifs are shown in orange. 
 
 
 
 
 
 
 79 
Chapter 5 
Differences between the P22, CUS-3, and Sf6 bacteriophages procapsid-like 
particles and I-domains 
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Purpose of study 
 The NMR structural analysis shows that there are important differenced in the I-
domains of the coat proteins of the P22, CUS-3 and Sf6 bacteriophage’s coat proteins. 
We hypothesized that there would also be further important differences between these 
bacteriophages. We show here that there are further differences between the 
procapsid-like particles and I-domains of the P22, CUS-3, and Sf6 bacteriophages.  
P22 is a model system to study the assembly or viruses such as herpesvirus and 
adenovirus. For P22 bacteriophage, the procapsid is an intermediate assembly product 
that becomes an infectious virion during the maturation process. The P22 model system 
studied for over fifty years shows that the viral assembly proteins, coat (gp5) and 
scaffolding (gp8), assemble into procapsid-like particles in the absence of all other viral 
proteins (Fuller and King 1982; Fuller and King 1981). Here we cloned the coat and 
scaffolding protein of CUS-3 and Sf6 bacteriophages into expression vectors. We 
explored how the three assembly systems compare to better understand how distantly 
related viruses evolve. When the coat and scaffolding proteins were expressed in vivo 
in bacterial culture CUS-3 and Sf6 procapsid-like particles were assembled. We’ve 
shown that the procapsid-like particles differ in stability and their ability to heat expand. 
In addition to CUS-3 assembly in vivo we determined conditions to assemble in vitro. 
Currently, we are working to establish an Sf6 bacteriophage in vitro assembly system. 
 For dsDNA bacteriophages and some eukaryotic viruses the presence of 
scaffolding protein is necessary for viral assembly (Padilla-Meier et al. 2012; Zlotnick, 
Suhanovsky, and Teschke 2012; Thuman-Commike et al. 1999). For P22 viral 
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assembly the C-terminal of the scaffolding protein is sufficient to form viral particles 
(Weigele et al. 2005). Here we investigate N- and C-terminal deletions of the Sf6 
scaffolding protein to determine regions of the scaffolding protein that are important for 
procapsid assembly. 
The capsid protein of P22 bacteriophage has an insertion domain (I-domain) that 
serves as the protein folding nucleus, an is important for both procapsid assembly, 
stability and size determination. In chapter 4 we showed that the CUS-3 and Sf6 I-
domains share a six-stranded anti-parallel -barrel with important differences at the 
periphery of the -barrel and in surface characteristics. Here, we used biochemical 
techniques to determine the stability of the CUS-3 and Sf6 I-domains, and explored the 
possibility that the I-domains may bind to the cellular surface of their host. 
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a. Procapsid-like particle stability 
We wanted to explore if the differences and similarities seen structurally would translate 
to in vitro procapsid-like particle stability experiments. We purified P22, CUS-3 and Sf6 
procapsid-like particles for stability tests.  The procapsid like particles are thought to 
mimic the procapsid intermediate found in the assembly pathway between coat 
monomers and mature virion. Previous studies use urea titrations to test the stability of 
procapsid structures (Teschke and Fong 1996). Interestingly, the stability of P22, CUS-3 
and Sf6 procapsid-like particles are shown to differ between these phage (Figure 5-1). 
P22’s procapsid-like particles are stabilized until 7 M urea (Fig 5-1 A and B) whereas 
CUS-3’s procapsid-like particles are denatured around 4 M urea (Fig 5-1 A and B). Sf6 
procapsid-like particle are degraded completely at 6M urea (Fig 5-1 A and B). This data 
agrees with a previous study, where a temperature gradient applied to Sf6 and P22 
procapsids shows that the Sf6 procapsids are less stable compared with P22 
procapsids (Parent et al. 2012). The presence of an additional assembly product is seen 
in the Sf6 gel and electron micrographs. These could be expanded procapsid particles 
as they have similar migration patterns to mature virion and are stable against heat and 
urea denaturation. Thus there are likely differences in the electrostatic and hydrophobic 
interactions between the procapsid-like particles  
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Figure 5-1. (A) Urea denaturation of procapsid-like particles from left to right: P22, 
CUS-3 and Sf6. The red arrow points to the band corresponding to procapsid-like 
particles. The P22, CUS-3, and Sf6 procapsid-like particles are denatured at 7, 5, and 6 
M urea, respectively. (B) Electron micrographs 68,000 x from left to right: P22 
procapsid-like particles in 0 and 7M urea samples, CUS procapsid-like particles in 0 and 
5 M urea, and Sf6 procapsid-like particles in 0 and 6 M urea. Inset bar represents 100 
nm.  
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b. Procapsid-like particle expansion 
 During bacteriophage assembly a procapsid intermediate is formed that 
undergoes a process known as maturation during DNA packaging (Earnshaw and 
Casjens 1980; Zheng et al. 2008). During maturation the capsid proteins undergo 
conformational changes that allow the procapsid intermediate to form a larger, more 
stable, multi-faceted virion (Suhanovsky and Teschke 2015; Kang and Prevelige 2005; 
de Sousa et al. 1999). P22 procapsids mimic the maturation process in vitro with the 
application of heat (Anderson and Teschke 2003; Teschke, McGough, and Thuman-
Commike 2003). For P22, this in vitro maturation assay is used to understand how altering 
amino acids, and environmental conditions impacts the maturation process. The 
maturation process for other bacteriophages and herpesviruses are mimicked in other 
ways in vitro. T4 bacteriophage expands in low ionic strength buffer (Carrascosa 1978). 
The HK97 bacteriophage expands in 5 % chloroform, 50 mM NaCl, and 2.5 to 3.0 M 
GuHCl (Duda et al. 1995). Herpesvirus expands in PBS, MgCL, and EDTA at 37 C 
(Newcomb et al. 1996).   
 For P22, the application of heat to procapsids mimics the maturation process in 
that it forms an expanded head (Teschke, McGough, and Thuman-Commike 2003). Here 
we explored if CUS-3 and Sf6 procapsid-like particles can be expanded in vitro. P22 
bacteriophage’s procapsid-like particles begin the expansion process around 67.3 C 
seen by the change in the migration pattern on a 1 % native agarose gel (Figure 5-2 A 
and B).  At 70.2 C  the procapsid-like particles appeared to have completely expanded. 
Unlike P22, CUS-3 and Sf6 procapsid-like particles appeared to fall apart at 67.3 C and 
62.7 C, respectively (Figure 5-2 A and B). In addition to not being able to mimic the 
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maturation process, the CUS-3 and Sf6 procapsid-like particles are shown to be less 
stable to heat compared with P22. CUS-3 procapsid-like particle were also incubated in 
numerous conditions shown to be previously effective at expanding procapsid particles in 
other systems with no success (data not shown). Thus there are likely differences in the 
electrostatic and hydrophobic interactions between these systems. It may be that the 
presence of other proteins, possibly the portal complex, through which the dsDNA is 
packaged, may be necessary to lend stability and trigger expansion.  
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Figure 5-2. A. CUS-3, Sf6, and P22 procapsid-like particles incubated at increasing 
temperatures. The red and cyan arrows point to bands corresponding to procapsid-like 
and heat expanded particles, respectively. CUS-3 and Sf6 are unable to expand unlike 
P22. B. TEM-micrographs at 24.0 and 70.2 C. Expanded particles are present in P22. 
Stable particles are seen for Sf6 but appear present at lower temperatures as well. 
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c. Capsid and Scaffolding protein gel separation 
 In order to do further biochemical analysis on the CUS-3 and Sf6 procapsid-like 
particle assembly systems it was necessary to find a method to separate the capsid and 
scaffolding proteins on a gel through electrophoresis for visualization of the proteins. For 
P22 bacteriophage the capsid (~47 kDa) and scaffolding (~34 kDA) proteins are 
separated on a 10 % SDS-PAGE gel. On a 10, 15 and 20 % SDS, any kD, and bis-tris 
polyacrylamide gels the CUS-3 capsid (~45 kDa) and scaffolding (~34 kDA) proteins as 
well as the Sf6 capsid (~46 kDA) and scaffolding (~33 kDA) proteins do not separate. In 
Figure 5-3 fractions of both CUS-3 and Sf 6 purifiedprocapsis-like particles from an S-
1000 size-exclusion column which contain the capsid and scaffolding proteins are shown 
on a 10 % SDS-PAGE with no separation between the two proteins for both CUS-3 and 
Sf6. Tris-tricine gels are neceesary to separate the two proteins for further 
characterization (Figure 5-3 A and B right). 
d. Scaffolding protein extraction from procapsid-like particles 
 One method to study P22 assembly is with an in vitro assembly model where the 
capsid and scaffolding proteins in a plasmid are first expressed to form procapsid-like 
particles. The scaffolding protein is extracted from the procapsid-like particles with 1 M 
guanidine hydrochloride (GuHCL). The empty procapsid-like particles are spun out via 
ultracentrifugation and resuspended overnight. Empty procapsid-like particles are 
denatured and dialyzed against buffer, usually 20 mM sodium phophate or 20 mM 
HEPES, to form capsid protein monomers for further assembly experiments. In vitro 
assembly of P22 procapsid-like particles are used to understand how mutations in either 
the capsid or scaffolding proteins may alter procapsid assembly. To setup in vitro 
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assembly systems for CUS-3 and Sf6, the conditions for scaffolding protein extraction 
from the procasid-like particles were explored. For CUS-3, a urea denaturation curve of 
the procapsid-like particles was generated (Figure 5-4 A). GuHCl, used for P22 extraction, 
was too strong of a denaturant for CUS-3 and the procapsid-like particles disassembled 
at low concentrations (data not shown). The arrow indicates a change in light scattering 
where the scaffolding protein likely begins to exit the procapsid-like particle. At 3M urea 
the procapsid-like particles are completely denatured (Figure 5-4 B).  We determined that 
the conditions for scaffodling protein extraction are 1.5 M urea and 0.5 M NaCl (Figure 5-
4 C). For Sf6 we have thus far been unable to determine the conditions for scaffolding 
protein extraction (data not shown). It is important to note that for Sf6 procapsid-like 
preparations there appears to be stable structures that are formed in the procapsid-like 
particle preparations (Figure 5-1 and 5-2). This confounds the experiments done thus far 
and more extensive purification methods may be necessary for Sf6 compared with P22 
and CUS-3. 
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Figure 5-3. Left: S1000 size exclusion purifications of A. Sf6 and B. CUS-3. The capsid 
and scaffolding proteins do not separate on a 10 % SDS-PAGE gel. Right: The capsid 
and scaffolding proteins of A. Sf6 and B. CUS-3 are shown to separate on a Tric-Tricine 
gel. 
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Figure 5-4. A. CUS-3 procasid-like particle urea denaturation curve. The arrow 
highlights the point at which scaffolding protein exits the procasid-like particles. B. TEM 
micrographs of the presence of procapsid-like particles at 1 and 2 M urea and the 
absence of procapsid-like particles at 3 M urea are shown. C. The scaffolding protein is 
extracted from procapsid-like particles with 1.5 M urea and 0.5 M NaCl. 
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e. In vivo and in vitro assembly temperature dependence of CUS-3 procapsid-
like particle  
 CUS-3 procapsid-like particle assembly in vivo and in vitro at different 
temperatures produces different sized particles. In vivo assembly of the capsid and 
scaffolding proteins expressed in E. coli at 30 C formed both T=4 (or petite) and T=7 
particles (Figure 5-5 top). The formation of petite particles was minimized by expressing 
the capsid and scaffolding proteins at 37 C (Figure 5-5 bottom). With the ability to extract 
scaffolding protein from the procapsid-like particles formed in vivo we formed an in vitro 
assembly assay. The scaffolding protein was extracted as described above to form empty 
procapsid-like particles. From the procapsid-like particles, we generated capsid 
monomers by denaturing empty procapsid-like particles and dialyzing in either 20 mM 
sodium phosphate or 20 mM HEPES. The capsid monomers with his-tagged scaffolding 
protein were used for in vitro assembly experiments. Procapsid-like particles were unable 
to assemble in 20 mM sodium phosphate and 20 mM HEPES buffer at 20 C (Figure 5-6 
A). However, when capsid monomers and His-tagged scaffolding protein were titrated 
together at 37 C procapsid-like particles appeared to assemble (Figure 5-6 A). Figure 5-
6 B shows this assembly reaction may have formed procapsid-like particles.  
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Figure 5-5. A. Top: CUS-3 coat co-assembled with scaffolding proteins form T=7 and 
petite particles when grown at 30 C. Bottom: CUS-3 capsid and scaffolding proteins 
form T=7 and petite particles when grown at 37 C 
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Figure 5-6. A. CUS-3 capsid and His-tagged scaffolding protein assembly monitored by 
light scattering at 500 nm. At 20 C in 20 mM sodium phosphate and 20 mM Hepes no 
assembly was seen. At 37 C in 20 mM Hepes the capsid and scaffolding protein 
assembly is shown. B. TEM micrograph of the procapsid-like particle assembled at 20 
mM Hepes at 37 C. 
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f. Sf6 scaffolding protein truncations 
The P22 capsid and scaffodling proteins, expressed in vivo in the absence of all 
other structural viral proteins, form procapsd-like particles (Fuller and King 1982).The 
procapsid-like particles are similar to the procapsid intermediate in the viral assembly 
pathway. The P22  in vivo assembly system is used to understand which regions and 
amino acids of the capsid and scaffolding protein are important for procapsid assembly. 
In P22 bacteriophage, the last twenty amino acids of the scaffolding protein are able to 
form procapsid particles (Weigele et al. 2005). The Sf6 capsid and scaffolding proteins 
cloned into an assembly vector and expressed in vivo also form procapsid-like particles. 
The P22, CUS-3 and Sf6 scaffolding protein shows differences in the amino acid 
profiles (Figure 5-7). Here we have shown that unlike P22 the C-terminus of the Sf6 
scaffolding protein is not essential to form procapsid-like particles. 
A series of truncation mutants were generated to determine which regions of the Sf6 
scaffolding protein were necessary for procapsid assembly (Figure 5-8 A). Full-length 
capsid and scaffolding proteins expressed in vivo form T=7 procapsid-like particles 
(Figure 5-9, and 5-12, Table 5-1). In the absence of Sf6 scaffolding protein the coat 
protein formed few procapsid-like particles compared with in the presence of the full-
length scaffolding protien (Figure 5-9 and 5-12, Table 5-1). The coat protein, in the 
absence of the scaffolding protein also forms petite, aberrant, and large abnormal 
particles. Interestingly, for each of the scaffolding protein mutants and the full-length coat 
protein we’ve shown that nucleic acid may be present in the sepharose 4b fractions and 
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migrate on the native 1 % agarose gel in the same position as the procapsid-like particles 
(Right panel in Figures 5-9, 5-10, 5-11).  
 Unlike P22 assembly where the scaffolding protein C-terminus is important for 
procapsid assembly the Sf6 scaffolding protein C-terminus is shown to be unneccessary 
for T=7 procapsid-like particle assembly. Sf6 scaffolding protein truncations 1-204, 1-
100, and 1-50 produced particles that do not mimic the results of the full-length SP or 
the absence of SP (Figure 5-10 and 5-13, Table 5-1). These include a mixture of T=7 
procapsid-like particles, petites, aberrants, and large malformed particles. However, SP 
1-155 produces mostly particles of T=7. Thus, the N-terminus of Sf6 scaffodling protein 
appears more important to procapsid-like particle assemly unlike the P22 scaffolding 
protein whose C-terminal is necessary for procapsid-like particle assembly. 
 The Sf6 scaffolding protein N-terminal deletions produce particles that resemble 
neither results compared to those seen in the full-length scaffolding protein or in the 
absence of scaffolding protein. Instead there is a mix between T=7 procapsid-like 
particles, petites, aberrants, and large malformed particles (Figure 5-11 and 5-14, Table 
5-1). The scaffolding protein N-terminal deletions 21-294, 153-294, 223-294, and 254-
294 form T=7, petite, aberrant, and large malformed particles are formed. The N-
terminal deletion forms little T=7 particles and no petite particles unlike the other N-
terminal deletions. For the N-terminal deletions 21-294 and 101-294 form tube-like 
particles.  
 Truncated particles were run on any kD gels to visualize the presence of capsid 
and truncated scaffolding proteins. (Figure 5-15). The presence for all truncation 
mutants is seen except for deleted full-length SP, SP 101-294, and SP 253-294. Either 
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the concentration of scaffolding protein is too low to visualize on the gel or the 
scaffolding protein is not able to interact in these truncations or the scaffolding protein is 
degraded.  
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Figure 5-7: Clustal W algnment of P22, CUS-3 and Sf6 scaffolding proteins. 
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Figure 5-8. A. Schematic of the scaffolding protein truncations that were made. B. 
Diffences and molecular weights and pIs between scaffolding proteins are listed. 
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Figure 5-9. Sepharose 4b elutions of Sf6 particle assembled from A. Full-length coat 
proteins and full-legth scaffolding protein. B. Full-length coat protein in the absence of 
scaffolding protein. Top panel gel is stained with coomassie, bottom panel is stained 
with SYBR-safe and shows possible interaction with nucleic acid. 
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Figure 5-10: Sepharose 4b elutions of Sf6 particle assembled from full-length coat 
proteins and A. Scaffolding protein residues 1-204, B. Scaffolding protein residues 1-
155, C. Scaffolding protein residues 1-100, D. Scaffolding protein residues 1-50. Top 
panel gel is stained with coomassie, bottom panel is stained with SYBR-safe and shows 
possible interaction with nucleic acid. 
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Figure 5-11: Sepharose 4b elutions of Sf6 particle assembled from full-length coat 
proteins and A. Scaffolding protein residues 21-294, B. Scaffolding protein residues 
101-294, C. Scaffolding protein residues 153-294, D. Scaffolding protein residues 223-
294, E. Scaffolding protein residues 254-294. Top panel gel is stained with coomassie, 
bottom panel is stained with SYBR-safe and shows possible interaction with nucleic 
acid. 
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Figure 5-12. Sepharose 4b elutions of Sf6 particles. Left panel: Coomassie-stained gel 
of fractions assembled from full-length coat proteins and A. Full-length scaffolding 
protein residues 1-294, B. No scaffolding protein. Right panel: Negatively stained TEM 
images of purified particles 
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Figure 5-13. Sepharose 4b elutions of Sf6 particles. Left panel: Coomassie-stained gel 
of fractions assembled from full-length coat proteins and A. Scaffolding protein residues 
1-204, B. Scaffolding protein residues 1-155, C. Scaffolding protein residues 1-100, D. 
Scaffolding protein residues 1-50. Right panel: Negatively stained TEM images of 
purified particles. 
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Sca olding Protein 21-294A
Sca olding Protein 101-294B
Sca olding Protein 153-294C
Sca olding Protein 223-294D
Sca olding Protein 254-294E
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Figure 5-14. Sepharose 4b elutions of Sf6 particles. Left panel: Coomassie-stained gel 
of fractions assembled from full-length coat proteins and A. Scaffolding protein residues 
21-294, B. Scaffolding protein residues 101-294, C. Scaffolding protein residues 153-
294, D. Scaffolding protein residues 223-294, E. Scaffolding protein residues 254-294. 
Right panel: Negatively stained TEM images of purified particles. 
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Figure 5-15: Separation of coat and no or truncated scaffolding proteins on any kD 
gels. Each lane is one fraction of the sepharose 4b elutions for each of the scaffolding 
protein truncations. The truncated scaffolding protein is shown for SP 21-294, 153-294, 
223-294, 1-204, 1-155, 1-100, 1-50. The truncated scaffolding protein is absented from 
no SP, SP 101-294, and SP 253-294. 
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Table 5-1: Summary of Sf6 Scaffolding protein truncation results. The table indicates 
the presence of particles  
 
 
 
Keep 
SP 
M.W. pI T=7 petite aberrant Large Tube-
like 
CP 
gel 
band 
SP 
gel 
band 
1-
294 
33486.01 4.65 +++ - + - -   
No 
SP 
NA NA ++ +++ +++ +++ -  x 
21-
294 
29771.01 4.81 +++ ++ +++ ++ ++   
101-
294 
20775.53 6.45 + - +++ +++ +  x 
153-
294 
16009.29 8.89 +++ +++ +++ +++ -   
223-
294 
7714.91 9.67 +++ +++ +++ +++ -   
254-
294 
4461.16 9.3 +++ +++ +++ +++ -  x 
1-
204 
23798.81 4.43 ++ + +++ +++ +   
1-
155 
17807.17 4.2 +++ + + + -   
1-
100 
11,400.07 3.91 ++ +++ +++ +++ +   
1-50 5618.90 3.59 + + +++ +++    
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g. The stability of I-domains varies 
 Denaturant induced protein unfolding can be monitored if the difference between 
the native and unfolded states produces a measurable difference using spectroscopic 
techniques (Santoro and Bolen 1988). The change in equilibrium between the native 
and unfolded state is concentration dependent. For the CUS-3 I-domain a measurable 
difference in 0 and 6 M urea is shown for the native and unfolded states, respectively, 
using circular dichroism (Figure 5-16 A). Thus, we were able to monitor the unfolding of 
the CUS-3 I-domain at 220 nm with circular dichroism. The unfolding of the CUS-3 I-
domain is a two-state system with  two species of protein present, native and unfolded, 
at varying denaturant concentration. Thus we were able to monitor the unfolding of the 
CUS-3 I-domain in the presence of increasing concentrations of urea in order to extract 
the free energy of unfolding, G. Circular dichroism was used to determine that  the 
CUS-3 I-domain has a GN-U = 5.03  1.02 (Figure 5-16 B). Fluoresence spectroscopy 
was also used to extract the G and was found to be 3.33  0.66 (Figure 5-17 A). The 
lack of data points in the fluorescence data may cause this difference in the G values 
between the two techniques and likely needs to be repeated. 
 The melting temperature of a protein is another technique to determine how 
stable a protein is. We  looked at the thermal stability of the CUS-3 and Sf6 I-domains. 
The CUS-3 I-domain has a melting temperate of 48 C while the Sf6 I-domain has a 
melting temperature of 62.5 C (Figure 5-17B and 5-18). A difference in stability against 
trypsin digestion is seen between the CUS-3 and Sf6 I-domains as well (Figure 5-19). 
The CUS-3 I-domain remains relatively stable over the incubated time course with 
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trypsin whereas the Sf6 I-domain becomes proteolyzed starting at two minutes of 
incubation. 
h. CUS-3 and Sf6 I-domain may interact with bacterial cell surfaces 
 The presence of TUT-motifs on the surface of the Sf6 I-domain is suggested to 
bind to carbohydrates on the cellular surface of host organsims. Here we report 
evidence that the CUS-3 and Sf6 I-domians may bind to bacterial cell surfaces (Figure 
5-20). Sf6 appeared to have the greatest affinity for cellular surfaces without 
discrimination against the type of bacterial cell. We also wanted to explore the 
possibility of interactions between the I-domain and mucin. Mucin located in the human 
gut epithelium acts as a protectant against microbial invasion. It was theorized that the 
the Sf6 I-domain may bind to mucin in the gut epithelium and act as a further line of 
defense against invading bacterial infection in the human gut (Zhao et al. 2010). We 
titrated increasing amounts of mucin into the Sf6 I-domain monitored by NMR. If the 
mucin bound to the Sf6 I-domain, there would be a change in the peaks that correspond 
to the interaction site with mucin. However, increasing concentrations of mucin resulted 
in no change in the peaks in the Sf6 HSQC (data not shown). Further analysis is 
needed to assess if the I-domains interact with host or mammalian cell surfaces. We 
have estqablished a collaboration with the center for functional glycomics (CFG) that will 
determine if the I-domains interact with bacterial or mammalian glycan receptors. 
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Figure 5-16. A. Spectral difference of the CUS-3 I-domain in 0 and 6 M urea measured 
by circular dichroism. B. Urea equilibrium denaturation of CUS-3 I-domain, monitored by 
cd at 220 nm, has a free energy of unfolding of 5.03  1.02 kcal mol -1. 
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Figure 5-17.  A. Cus-3 I-domain urea equilibrium denatruration monitored by 
fluorescence. The free energy of unfolding is 3.33  0.66 kcal mol -1.. B. Melting 
temperature determined to be approximately 48.5 C. Denaturation monitored by 
circular dichroism and data was normalized between 0 and 1 
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Figure 5-18. Sf6 temperature melt monitored by circular dichroism. 
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Figure 5-19. Time course of trypsin digestion of the CUS-3 (left) and Sf6 (right) I-
domains. The CUS-3 I-domain is more stable against trypsin digestion compared to the 
Sf6 I-domain. 
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Figure 5-20. A) Pull-down assay suggesting binding of the I-domains from Sf6 and 
CUS-3 to different bacterial cells. The Sf6 and CUS-3 I-domains appear to associate 
with the bacteria S. enterica, E. coli, and S. flexneri. For Sf6, there appears to be little 
discrimination between the three bacteria tested, as it appears to bind equally well to its 
host S. flexneri as to S. enterica and E. coli. 
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Chapter 6 
Conclusions 
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The group of P22-like bacteriophages include distantly related bacteriophages P22, 
CUS-3, and Sf6 that have diverged over time. Undertaking structural and biochemical 
studies of the distantly related bacteriophages helps us understand viral evolution. Here 
we’ve presented a comparative study to understand how the divergence of these 
distantly related bacteriophages affects structure and function. We have shown some 
important differences between the I-domain structures of the capsid proteins and 
assembly of procapsid-like particles.  
a.  I-domains share a common fold with important differences 
 The P22, CUS-3 and Sf6 I-domains adopt a similar six-stranded anti-parallel -
barrel core with evolved differences. The differences include accessory structure 
outside the -barrel, loop regions, and surface characteristics. The accessory three-
stranded -sheet and -helix secondary structure are conserved in P22 and CUS-3 but 
are absented in Sf6. Similarly, The P22 D-loop important for capsid assembly and 
stability are found in CUS-3 and not Sf6. In place of the accessory structure, found in 
the P22 and CUS-3 I-domains, in Sf6 a new tangential loop is found.  
 The P22-like bacteriophage are characterized into three groups P22, CUS-3 and 
Sf6 based on capsid protein sequence similarity. Sequence alignments of the capsid 
protein of 78 P22-like bacteriophage, including P22, CUS-3 and Sf6 show aligned 
sequences that correspond to the P22, CUS-3 , and Sf6 I-domains. Thus capsid 
proteins for the P22-like bacteriophage appear to contain an I-domain. It is likely that all 
the I-domains in the P22-like bacteriophage group have a similar -barrel fold 
considering that P22, CUS-3 and Sf6 represent the three distantly related branches in 
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this group and whose insertion domains share a similar -barrel structure. While some 
of the I-domains will likely share similar functions, the structural study presented here 
suggests that the I-domains may have evolved differences in their structures to fulfill 
different functional needs. Preliminary biochemical studies suggest that these proteins 
may differ in stability (Appendix 3). Thus the I-domains may impart differences in the 
capsid protein stability. 
 An interesting hypothesis is that the I-domains may bind to bacterial or 
mammalian cell surfaces (Zhao et al. 2010). T4-like bacteriophage Hoc protein, which 
adopts an immunoglobulin fold, similar to the I-domains, binds to and protrudes from the 
capsid surface (Sathaliyawala et al. 2010; Fokine et al. 2011). The Hoc protein interacts 
with a multitude of glycans (Barr et al. 2013). The interaction between the T4-like 
bacteriophage RB49’s Hoc protein and glycoproteins found in mucin provides non-host 
derived bacterial immunity. In addition to interaction with mucin, the domains of the Hoc 
protein bind to E. coli cell surfaces (Fokine et al. 2011). However, domain 1 appears to 
have weak affinity for the E. coli cell surfaces compared with higher affinity seen for 
domains 2 and 3. The C-terminal domain, domain 4, is suggested to be the capsid-
binding domain (Bateman, Eddy, and Mesyanzhinov 1997; Sathaliyawala et al. 2010). 
Interestingly, the Hoc N-terminal domain contains TUT-motifs similar to the Sf6 I-domain 
(Figure C-1). Thus it’s possible that the Sf6 I-domain and T4 Hoc N-terminal domain 
share a common function which may be to bind to mucin glycoproteins or bacterial cell 
surfaces or both. 
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Figure C-1: T4-like phage RB49’s Hoc N-terminal domain (pdb code: 3shs). The 
orange-colored sticks represent TUT-motifs found in the HOC domain with one 
exception being a TYT motif. This is similar to the TUT motifs found on the Sf6 I-
domain. 
 
 
b. Procapsid-like particles differ in stability  
 CUS-3 and Sf6 procapsid-like particles, like P22, are assembled in vivo from 
capsid and scaffolding proteins in the absence of all other viral proteins. The CUS-3 and 
Sf6 procapsid-like particles produced in vivo exhibit differences in their stability and 
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ability to mimic in vitro maturation (Figure A1-1 and A1-2). Both CUS-3 and Sf6 
procapsid-like particles are less stable compared with P22. Unlike P22 procapsid-like 
particles, neither CUS-3 or Sf6 undergo expansion to resemble the mature virion under 
the application of heat. Thus the hydrophobic and electrostatic interactions that would 
govern coat:coat protein interaction and coat:scaffolding protein interactions appear to 
differ between the P22, CUS-3 and Sf6 procapsid-like particles (Ceres and Zlotnick 
2002; Kegel and van der Schoot 2004; Daniel et al. 2010). 
c. The temperature effects on CUS-3 procapsid-like particle assembly in vivo 
and in vitro  
Assembly of CUS-3 coat and scaffolding protein produce different assembled products 
in vivo and in vitro. At 30 C in vivo assembly produced T=7 and petite particles and 
assembly at 20 C in vitro produced no particles. However at 37 C in vivo and in vitro 
CUS-3 T=7 procapsid-like particles assembled. Viral assembly can be governed in a 
pH, electrostatic and temperature dependent fashion (Katen and Zlotnick 2009; Parent 
et al. 2005). This suggests that hydrophobic interactions rather than electrostatic 
interactions are more important in CUS-3 assembly.  
 
 
d. Sf6 scaffolding protein  
 In P22 bacteriophage, the scaffolding protein has several important roles 
discussed previously. Unlike P22 bacteriophage, the Sf6 scaffolding proteins’ C-
terminus is not necessary to form T=7 procapsid-like particles. Scaffolding residues 1-
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155 were sufficient to form mostly T=7 procapsid-like particles with little aberrant 
structures formed. Many of the truncation mutants generate a mixture of petite, T=7, 
aberrant, and large particles. This shows that the truncation mutants affect proper 
procapsid assembly. There are several explanations that require more experimental 
evidence to verify. First, the decrease in scaffolding protein size may form a smaller 
dimer and affect the curvature of the capsid protein which would form more petite 
particles as seen in several of the assembled truncations. Alternatively scaffolding 
dimerization or scaffolding:coat interaction could be disrupted. Further experiments are 
necessary to explain the results presented here. 
 The presence of contaminating bands in the SDS-PAGE gels that are similar to 
ribosomal protein banding patterns and the appearance of nucleic acid in the native 
agarose gels suggests that the capsid protein may interact with ribosomal proteins or 
nucleic acid or both. However, the data provided here could be due to non-specific 
binding between the capsid protein and mRNA as is known to occur (Wu et al. 2015). 
Further experimental evidence will show if this is biologically relevant or an artifact of 
the system studied here.  
 One hypothesis that explains the presence of contaminating gel bands and 
nucleic acid in the procapsid-like particles is that the capsid protein may interact with 
ribosomal proteins or mRNA for an unknown function. The interaction of capsid proteins 
with ribosomes or nucleic acids is found in other viral systems. Sindbis virus capsid 
protein interacts with viral RNA which has important impacts on viral infectivity 
(Sokoloski et al. 2017). MS2 bacteriophage capsid protein binds to RNA and affects 
translation and assembly (Kapp and Lorsch 2004; Carey et al. 1983; Ni and Cheng Kao 
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2013). Other viruses are found to bind to translational factors such as AMV which binds 
the translation initiation factor eIF4G and eIFiso4G and affects translation (Krab et al. 
2005). In addition, there are varying amounts of protein expression between the 
truncation mutants suggesting that scaffolding protein may also interact with mRNA and 
autoregulate translation much like P22 scaffolding protein(Wyckoff and Casjens 1985; 
Wyckoff 1984). Although these are RNA viruses perhaps the coat proteins have evolved 
similar functions. Thus, the preliminary data here suggest that the Sf6 coat and 
scaffolding protein may have a role in autoregulation. Alternatively, this may be an 
artifact of this system. 
e. Experimental and wild-type evolution  
 We explored if there were any connections between previous biochemical 
studies done on the P22 bacteriophage coat protein I-domain and the CUS-3 and Sf6 
bacteriophage. In P22 a point mutation in the coat protein at F170L, located in the A-
domain, and A285T, located in the I-domain, result in the formation of polyheads and 
petite particles, respectively (Suhanovsky et al. 2010; Parent et al. 2010). This shows 
the importance of these residues in procapsid size determination. A second site 
suppressor search is a method to find a secondary point mutation that rescues the 
phenotype generated by the parent mutation. A285T is a second site suppressor of 
F170L. This suggests that the A-domain and I-domain may together play a role in 
proper procapsid fidelity. In addition to this in P22’s coat protein D163G, T166I and 
F170L are global site suppressors, a secondary mutation that rescues the tsf phenotype 
of a coat protein folding defect from a parent mutation. Thus viruses compensate for 
mutations with distant mutations that correct effects of the original mutation. 
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Interestingly, when we compared alignments of amino acid sequences between related 
bacteriophage we found that second site suppressors generated in vivo in P22 coat 
protein align to identical residues in the Sf6 and CUS-3 coat proteins. For example, P22 
coat proteins A285 (A285T is a second site suppressor) aligns with T280 in both CUS-3 
and Sf6. In addition, P22’s F170 aligns with W172 and M170 in CUS-3 and Sf6, 
respectively. And finally, D163 (D163G is a global site suppressor) aligns with G165 and 
G164 in CUS-3 and Sf6, respectively. Thus, the second site suppressors A285T and 
D163G residues are found inherently in both CUS-3 and Sf6. Thus, the evolution of 
these bacteriophages is mimicked in in vivo biochemical studies done on P22. 
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